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EAVE HWEST
Stan Watson

Naval Ocean Systems Center
San Diego, Callfornia

EAVE WEST was designed for use as a testbed to investigate
various component technological concepts. The goal Is not to
derlve an optimal vehlicle system, but to comblne different
technologles and observe thelr relationship to one another.
Presently the effort is to determine vartoﬁs areas of artitficlal
tntelligence that mlght be adaptable to upgrade state-of-the-art
vehicle technology. An LS| 11/23 has been incorporated into the
vehicle for these and other experiments. A fiber optlcs
communlcation link wlll be Instaliled on the vehicle. I+ is a
full duplex communication Ilnk that will be freely deployed from
the vehicle with a pre-twlist In an attempt to eliminate the
entanglement problem. The 1200 baud serlal digital data will be
multiplexed on the retrace scan of the uplink TV signal. A
dichrolc duplexer wlll be used to transmit+ down over the same
fiber.

A second area belng Investigated Is a magnetic pipelline
follower, The recelver Is finished and Is working In the
laboratory. The next step Is to Install both the flber optlics
and magnetic plipeline follower In the vehlcle for an open ocean

test sometime thls calendar year.

(A detalled descriptlion of the EAVE WEST vehicle can be
found in Heckman, P. J. 1980. Free-Swimming Submersible Testbed
(EAYE WEST). Naval Ocean Systems Center TR 622, San Dlego,
Cctober 1980.)
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Machine Systems Laboratory

Dana Yoerger
Massachusetts Institute of Technology
Cambridge, Massachusetts

The work being conducted at this laboratory that is related
to the subject of this workshop Is sponsored by the Office of
Naval Research and by MIT Sea Grant. ONR's interest is in the
experimental man-machlne aspects of supervisory, control while
Sea Grant Is more Interested In hardware demonstration.
Real-Time Yehicle Simulation and Control

Kazeroon! has developed a nron-linear, general vehicle model
that runs in real-time In conjunction with a computographlc
display. (See Kazeroonl, H., 1981, General Purpose Digitai Simu-
lation of Underwater Vehicles. Proc. |EEE Conf., Oceans '81, v.
1, pp. 123-126.) Several different vehicles have been simulated
on this system, inciuding the RCV-225 and the manned vehicle
ALVIN., Vaaler of MIT Is discussing with the ALYIN group the
possibllity of including automatic control features on ALVIN,

Other simulation activities Include a project for control of
systems evaluation and design, such as that dlIscussed above
involving ALVIN. This act!vity inciudes sérvo level control as
well as bottom-foilowing algorithms incorporating relatively
simple sonar systems. Another program employs an electromechani-
cal simulator to interact with real-tIime, human operator
experiments., This Is an actual vehlic¢cle that can be maneuvered
about on the seafloor and is equlpped with a TV camera. Its
purpose Is to make the TV camera move with the dynamics produced
by the model. This allows simulation of a variety of vehicles

and attalns a reasonably relevant video plicture simllar to what



AUSS (Adyvanced Unmanned Search System)
Jerry Mackelburg

Naval Ocean Systems Center
San Diego, California

The AUSS program has been conducted along four major task
elements:

Apalysls -- To determine the optimal means of conducting
deep ocean search.

Taesthed -~ The vehlicle will be used to verify the deep ocean
search +echnologies that the analysis Indlcated were lackling.

Component and Subsystem JRE -- Identify components,
particularly the acoustlc Iink wlth the vehlcle, that need to be
developed, including pressure hull technologles
(graphite/expoxy).

Acquisitlon Data Package =- Wil! consist of a package that
will be presented to various search activities to assist them In
selecting the optimal data-gathering instrumentation for thelr
purposes

The AUSS vehicle Is deslgned to search for objects between
2,000 and 20,000 feet depths, and will be deployed from a surface
support platform. It Is launched negatively buoyant and sinks to
the bottom where It assumes a horlzontal position Just above the
seafloor., Upon acoustic command from the surface, |t releases
Its tether and becomes operational,. 'n the search mode, a
scanning sonar Is used to locate objects, and, upon command from
the surface, It wlll home on an objJect of Interest to deploy the

video camera. All sensor data are acoustically sent to the

surface for analysis.



Vehicle power Is provided by sllver zinc batteries. Doppler
sonar Is used for dead reckonlqg navigatlion, Two stern
propellers provide lateral and horizontal thrust, and two vertical
thrusters provide heave motion. A Honeywell acoustlc navigation
(transponder) system Is also provided. The scannling sonar Is a
modifled Edo sonar. Total vehlicle length is 14 f+, its dlameter
Is 30 inches, and it displaces 2000 |bs.

The deslred acoustlc link charateristics are:

Operating depth 2,000-20,000 f+
Surface platform
Hor lzontal offsets 0=450
Up-data rated 4800 blts/sec
sonar
TY
status {vehlcle)
Down~data rate 1200 blts/sec
supervlisory commands
MaxImum bl+ error rate 1 x 10=5 bits/sec
Frequencles occupled 8kHz - 14kHz

In June of 1981 an acoustlic transmisslon package was tested
In 15,000~foot water depth using 15 wat+ts of power on 2 indepen-
dent sidebands of an 11 kHz carrier. This test demonstrated
that:

1. low resolution SSTV (slowscan TV) pictures can be
transmitted with offsets of 0=-549;

2. 4800 blts/sec (2400 bits/sec per sideband) dliglital data
were transmitted (10 x 106 bit+s with offsets of 0~450)
with a bit error rate of 1 x 10-5;

3. 2.6 x 100 blts of 1200 bits/sec digital data were
transmitted down to the test package (simulating vehicle
commands) wlth 0 errors for offsets of 0-549;

4. The data gathered Indlcate that operation to 20,000-foot
depths 1s possible by doubling the power,



- Accomplishments to Date and Future Plans
A. Hull Sitructure

completed: graphite cylinder deslign
tlitanlum end bell design
graphite cylinder In fabrication (2
In. wall thickness)

FY 81 Plans: take delfvery on graphlite cyllinder
take dellivery on end bell castings

B. Scanning Sonar

compieted: preliminary at-sea evaluation
of scanning sonar placed contract
for Edo model 0AS-4059 sonar
(2© resclution, 400 m maxImum
angle, 1000 elements/scan)

FY 81 Plans: Take dellvery of sonar

C. Shipboard Vaehigle Navigatlon Subsystem

completed: procured Honeywell RS5-900 (short
baselfne) system.
designed and fabrfcated ship Interface
equipment

FY 81 Plans: Sea tests In conjunctlon with BUMP
(Benthic Untethered Mul tipurpose
Package) system to study compati-
bility with acoustic |1lnk.
Incorporate Independent navigat!on
DOT (Deep Ocean Transponder) Into
testbed system.

D. IJasi=-Bed System Machanics

compieted: statlc welght/buoyancy stability
computer program wlth compensation
for pressure and temperature.
Slzing, selectlion, and prelimlnary
design of propulslon motors, in-
cluding contract for magnetic
couplings.
Battery cost/efflicliencytradeotf
study; selection of 20 KW-HR silver
zZlnc,
Deslgned and developed prototype of
welght dropper.



Established prelimidary testbed
vehicle conflguration.

FY 81 Plans: Reflne design of testbed structure, compo-
nents, and Interfaces to graphlte pressure
housing. Fabricate and test thruster motors.

E. Subsea Navigatlon Subsystem

completed: RUWS straza doppler system procurement
and sea trlals.

FY 81 Plans: Complete breadboard testbed doppier
subsystem and perform in-water tests.

F. Yehicle Control~-Obstacle Avoidance Suhsysiem

completed: Analysis of stoppling dynamlcs for
free-swimming vehicle.
Negotlated contract for forward or
bottom obstacle detectlon capablllty on
Edo search sonar.

G. Iestbad System Software

completed: Def fned testbed system scenario.
Established subsea computer system
architecture,
Procured subsea computers and
executlve programs.
Deflned operator command structure.
Generated system variable names |fst.
Started computer program flow charts
for subsea computers.

FY 81 Plans: Establ Ish software quallty control
: guldelines. :
Write software code for vehlicle con=-
trol loops (NRL).
Begin compliing program for subsea
computers.

The flrst sea tests and shakedown of the AUSS are presentiy

scheduled for November 1983.



AUSS - MAJOR SYSTEM COMPONENTS
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QOffshore 01] and Gas Operatlons of ROY¥s
Drew Michel

Taylor Dlving and Salvage Co., Inc.
Belle Chasse, Loulsliana

There are at present some 4000 offshore platforms world-wlde
and several thousand miles of undersea plpeline. The oldest
platform was Installed In 1947, and dlvers have been employed
untii recently to do all of the underwater work required. Divers
have been used because the work has been simple in nature (e.g.,
riggling, cutting) and d1d not require the use of sophisticated
devices to be accomplished. Divers have dominated t+his market
only because they could do the jJob better or more quickly than a
computing system and at a profit to the offshore cperator. The
only reason Remotely-Operated Vehlicles (ROVs) have begun to
replace the diver in the past flve years |ls because they could
meet the baslic criterton: profl+. |In the oil industry, If your
vehicie or device Is not profitable to the operator, he wiil! not
use It. The offshore drllling and production community Is not a
research and development operation.

As an example, the lowest cost for a diving spread is
approximately $500/day. The average cost for a ROV spread Is
$3,500/day, and the average cost for a plpe~laying barge spread
s $100,000/day. If the ROV can reduce by three or four days the
time requlired for the barge, then Its cost Is acceptable.

Taylor Diving has eleven ROVs. These consist of elght RCV=-
225s, one SCORPIO, one RCV=-150, and a vehlicle we have deviloped
In-house. These vehlicies are working in the North Sea, Southeast

Asla, the Mediterranean, and offshore Brazll.



One job we completed on the trans-Mediterranean pipelline in
1979 serves as an example of the type of performance requirements
| described earliier. At a depth of [,770 feet, rock outcrops
were encountered that had to be removed. A manned vehicle had
been trying for one year previous to our entry to place explosive
charges on these outcrops. At best, [t could only place two sets
of charges per day, and the contractor had decided to glive up on
thls approach. We designed an approach that consisted of a 7-ton
frame that held 24 charges. The frame was lowered to Just off
+he bottom. There, an RCY-225 maneuvered it [nto position, then
actuated a hydraulfc release that permitted the charges to fall
to the bottom where they were subsequently detonated. We were
able to plant and fire five thousand of these charges over the
next year (up to as many as eleven sets of twenty four each In
one day) and complete the work as required.
Present and Future ROV Applicatlions

We are Involved In several areas that wlll employ Improved
ROVs In the Immediate future. Following are brief descriptlions
of these efforts.
Platform lInspectlon: Taylor Diving Is developing an ROV for thlis
purpose. |ts mission wili conslist of "flying™ to a preseiected
area on the structure, then cleaning (to bare metal) the area of
Interest, videotaping and/or taking color stereophotographs, and,
lastly, performing some form of ultrasonic or magnetic particle
Inspection. Although divers can now perform thls jJjob, we belleve
that In depths greater than 300 feet the ROV wlll be more

economical.
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Bilpelline Inspection: Some plpelilnes, particularly In shallow
waters, are completely burled, others only partlally so, and
others, In deep water, not at all. A major concern of the
production companies !s the presence of sectlons that are damaged
or suspended because of current erosion or outcrops. We envision
uslng a device such as a proton magnetometer +to track +he
plpeline from the ROV. When the pipe becomes visible, we will
take videotapes or photographs of i+. |f it remains buried, the
assumption is that there Is no damage. One operator is pursulng
this program in offshore Australia where a dynamically positloned
(DP) ship Is acting as the support shlp for the ROV. The ship
remains In position over the ROV by using a Honeywel | tracking
system. At present there is an arrangement (via a computer)
whereby the ship follows the vehicle automatically. In essence,
the vehlcle operator steers the ship. Later we are aimlng at
letting the gradliometer signals steer the vehicle and the ship
also. The result we are trylng to achleve Is a totally automatic

ptpeilne Inspection, all controlled by a computer.

Elatform Salvage: Hundreds of platforms in +the Gulf of Mexlco
have outlived their usefulness and must be removed. Al though
divers can work as deep as many of these platforms are located,
we see the appllication of ROVs at depths below 300 feet. At
present we are working with Exxon Production Research +to develop
a technique that will enable an ROY to place shape charges on the
platform legs, and, once all the legs have shape charges
attached, a slice of the platform will be cut off by detonation.

A requirment of thls project Is that all legs must be cut at one

11



time. So far, we have demonstrated the capabiilty of cutting
through a five~foot diameter steel leg.

Concerning autonomous vehicles, ofl companies and service
companles such as ours will not enter this flield or fund thls
work unti!l we see somethling that can do the job better than it Is
presentiy done. This is not to say that we are uninterested In
what is being developed. But, we wilill not fund research and
development until there Is a definite, foreseeabie payoff In the

undersea oil and gas community.

Question Period

Question: What Is *Ae blggest problem with ROVs?

Answer: Cable entanglement on structures, particularly
entanglement on cathodic protection anodes and In dlscarded
lInes, such as monofllament fishing lines, which festoon many
structures.

Quastlion: DId you have any entanglement problems In the
Mediterranean plpelline operations?

Answer: No. | belleve the reason for thls Is because the
vehlcle works out of a deployment cage and, consequently, the
cable Is held taut. This greatly reduces the entanglement poten-
t+1al that one would encounter without the deployment cage.
Question: Do present vehicles, In particular the RCV=225, have
adequate propulsive power?

Answer: The RCV~225 has |/10 hp thrusters; this Is Inadequatse.
We would llke to have greater power and a more rugged umbilical
cable and reduced vehicle costs. The vehlcle we are developing

Is In response to some of these shorfcomings. Our philosophy Is

12



that the vehicle I+self should be the least expensive part of +the
system. By putting the absolute minimum of components on the
vehicle and keepling the majority of components on the surface, we
believe that we can reach thls goal.

Question: !s the TV you are using adequate?

Answer: Color TV Is woefully Inadequate. Too much light Is
required, there Is too much bloomIng, and too much color intona-
tion. We use i+, but only because the cllent expresses it as a
requirement,

Questlon: From what you have shown us, It seems as 1 f ROVs can
equal the performance of manned submersibles. If this 1Is
correct, then what accounts for the growth of manned vehlicles
(such as Atmospheric Diving Suits, Observation/Work Bells and
one-man vehlcles) In the area of drilling support?

Answer: |It's simply a matter of breaking through trad!tion.
Offshore operators are reluctant to substitute a new device for
one that has been performing adequately. We encountered thls
sort of opposition Inlitlally, some four +o five years ago, but
once we demonstrated our performance, acceptance came along

accordingly.
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Control System Test ¥Yshicle (CSTV)
Gerald J. Dobeck

Naval Coastal Systems Center
Panama Clty, Florida

The Confrol System Test Vehicle (CSTV) is an autonomous 30=-
foot underwater veh[cle_deslgned for hydrodynamlic research. The
vehicle welghs about 9,000 pounds and is driven by a 25=
horsepower electric motor. The onboard Instrumentation and motor
are powered by silver zinc batterles that give the CSTV a nomtinal
endurance of four hours. The CSTY was bullt under the Naval Sea
Systems Commaend Advanced Submarline Program and is currentiy based
at the Naval Coastal Systems Center, which Is responsible for sea
test operatlions; navIgafion/gu;dance/con+rol hardware and
software; and maintenance. The vehlcle contains (1) highly
accurate Instrumentation for measuring the dynamic motlon of the
vehicle; (2) a magnetic tape system +0 record the measured data;
{(3) a low data rate digtta! acoustic position and telemetry
system (APATS) to start t+he vehicle, monitor its status, overrlde
the onboard computer, and provide a range measurement used in the
determination of navigational! poslition; and (4) a miltitarized
computer fo collect data, perform navigation, guidance and

'confrol, and protect the vehicle,

The CSTVY has been designed to perform sea tests of four-hour
duration In the open sea during whlich It performs preprogrammed
maneuvers to exclte hydrodynamlc phenomena. These data are
recorded for subsequent analysls by hydrodynamliclsts and
engineers on large maln frame computers., The sensitivity
requlrements of the analysis methods demanded precislion

fabricatlon of the vehlcle and highly accurate mot+ion sensors.
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Some of the measurement Instrumenta+tlon Inciudes:

(1) speed sensor for longitudinal axls water relatlve
velocity;

(2) pltot tube for 3-axls water relatlve velocity;

(3) straln gauges for force and moments on selected
appendages;

(4) accurate measurements of angular posltlion of elght
control surfaces;

(5) advanced lnertlal navigatlion system;

(6) three depth gauges.

Operational requirements dictated a need for communications
and range measurement for navigation purposes between the CSTY
and an anchored tender craft from which the CSTY Is launched and
about which the CSTV maneuvers. The 8-bit+ word acoustic
transmission !Ink APATS was devised. Two synchronlzed clocks at
the anchored tender craft and CSTV provide range by measuring the
time of arrival of an acoustic transmission. Because most sea
tests, for a varlety of reasons, wlll be performed near the
surface or In relatively shallow water {(40-100 feet), +the
Inherent mul tipath problem resulted In rellable transmission at a
retatively low data rate of elght blits In six seconds. This data
rate was dlictated by the communlication scheme used and the wlde
widths of the acoustic pulses required for réltabie detection.
The low data rate necessitated an autonomous ablll+y In the
vehlcle to protect itself during high speed maneuverling.

Except for a few overriding acoustlic commands, the onboard
computer has compl!ete controi of the CSTY. The onboard computer
has been preprogrammed to Interpret a glven 8=bit command to

perform preprogrammed maneuver number 6 (which may be a
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pdrpolslng maneuver at flve knots). However, at a 10 Hz rate,
the compufer, using a hierarchy of loglc¢, checks the status of
the vehicle=--where It Is In Its environment-~and decldes whether
to perform the received command. As an Illlustration, the vehicle
might be told to perform a high-speed maneuver for three minutes.
After one mlInute, the vehicle might pass a preprogrammed
emergency depth threshold and be in danger of colliding with the
bottom. The logic In the computer would terminate the maneuver
and Initlate an emergency override,

The onboard computer is a Rolm 1664 milltarized computer
wlith 64K |6=-blt words of memory. It performs the functlons of
guidance, control, safety, navigatlion, and data écquislfiqn.
High tevel Rolm FORTRAN computer language and a real=-tIme
multitasking, operating system create an ideal environment for
programming the complex functlions of the CSTY In a simple way,
yet still allowing maintenance of speed and flexibillty. Thus,
the onboard computer can act as a testbed for evaluating new
controil, safety, and navigation algorithms.

The CSTY can be put Into a varlety of external geometrical
configurations to Investligate hydrodynamlc performance. The
dynamlc data collected will later be analyzed to evaluate the
different geometrical configuration.

For further !Information, refer to: Seljd, J., K. Watklnson,
and W. HIIl. April 1980. "A Submarine Control System Test

Yehicle."™ In Naval Englneers Journal, pp. 148-155.
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CSTV Strapped Into Transport Sled. (Photo courtesy of Naval

Coastal Systems Center)
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Unmanned Free-Swimming Submers]ble (UFSS)
Earl Carey

U.S. Naval Research Lboratory
Washington, DC

For the beneflt of those who dld not attend !ast vear's
symposlum, | wlll present a brief synopsis of the UFSS vehlcle
and our research and development efforts during the past twelve
months.

The vehicle is the product of a systems study that eQaIua+ed
emerglng technologies In |975., The goal of the study was +to
determine If a vehlicle with a range of 1,000 nautical miles could
be bullt. The result of this study Is a vehlcle designed to be
laminar over 90% of its body surface. The vehicle characterlis-
tics are:

Length: 20 feet

Ditameter: 4 feet

Welght: In atr, 5,420 pounds (plus 2,600 pounds of
entralned water)

The pressure vessel encompasses some 75 feet> and contalns
the energy pack; control, navigatlion and telemetry computers; and
the trim and variable bal last system.

Tests were conducted during the summer of 1979 In +the
seaplane landing area off Solomons Island in the Patuxent River.
Approximately three months were spent on these Initial sea
trials. The pecullar shape of the hull presented considerable
handling problems. The design analysis showed that any dents In
the hull would degrade the vehlcle's low drag characteristics. A
dimple In the bow produces a turbulent wake with an arc of about
seven degrees that +travels +the length of the vehicle.

Consequently, It Is very easy to destroy +he low drag

17



characteristics of thls vehicle. The orange portion of the’
vehicle Is a flberglass, rib=stiffened dome; the white portlion I[s
an aluminum afterbody. The afterbody consists of two segments:
the tail cone, which is mllled out to create a skin approximately
I1/8 inch thick; and the fins, coﬁposed of aluminum=-stiffened
syntactic foam.

The results 6f the systems study and the testing are given
in the following reports:

l. UFSS System Descriptlon

NRL Memorandum Report 4393

(access to this report Is restricted)

Thls report describes all the onboard systems, such as
navigatlon, propulsion, telemetry, energy, and variable
ballast and trim systems.

2. The NRL Unmanned Free Swimming Submerstble (UFSS)

NRL report 8459

{access to thls report Is restricted)

This report describes the tradeoff analyses conducted
to arrive at the present concept. 1|t also descrlbes
some of the test-derived prellminary data analyses.

During the past year the vehlcle program was supported wlith
two projects. The first projJect was a control system study which
evaluated the origlinal classlcal design against a newly desligned
LOR controfler for the vehicle. The second project was an image
processing survey and study, Intended to evaluate methods of
enhancing the vehlicle's autonomy.

We now think the UFSS shape mlight have produced more
problems than It solved. Handling it required using a large
strongback, and 20-foot cables t+hat were cumbersome. 1f the
vehlcle Inadvertently touched the bottom and was scratched, its

low drag characteristics were destroyeds Regarding Its present

operating capabllities, It Is powered (lead acld batterles
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because of cost) to go 75 miles. The maxImum run to date has

been ten minutes at an estimated speed of 3.5 knots, although the

__designls for 5knofs.“ Therun +Ime wasa-resfrlcflon imposed byﬁ_‘_

.fhe +es+ range not by +he anergy sys+em.

The original vehicle controller was deslgned using classical
inear feedback techniques. The system equations were developed
and a solutlon found using Laplace transform techniques. The
controil law algorithms were implemented in a 8080 mlcroprocessor
computer. Ali sensors, except heading, had analog outputs that
were fed to an A/D converter for digitallzation. The outputs to
the control surfaces and the motor speed controller were anal og
voltages from a D/A converter. The controi system study, under-
taken later, was an attempt to compare the original controller to
a |llnear quadratic regutator (LQR) controller design using modern
control techniques. The resuits showed no major difference
between the classical design and that of the |inear quadratic
regulator. This result mlight be owing to the simplistic model
data used to develop the controller designs. |f more deflinite
data could be obtalned we feel that signiflcant dlfferences would
become apparent. The results of the study can be summed up as
fol lows:

a. no difference In the directional axis controller;

b an improvement in the iongitudinal axlis control
response time;

c. the classlcal design oscillates about the commanded
depth; the LQR does not.

I+ should be recognized that the LQR controller uses all the
states and therefore requires more sensors than the classical

controller.
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The second project worked on thls year was a study to
evaluate the possibllities of correlating search sensor data to
enhance the {dgn+}figa+iqn of man-made objects. Th[s_study
‘§+affed wlfh‘é surQéy'of e#Is*an seérch da*a, suthras bo++oh
photographs, sidescan sonar records, and magnetometer data. Two
procblems were encountered: 1) the available data were not
sufficiently annotated to alIOq for time-correlatlion, and, 2)
analyslis showed that the ranges of the sensors made thelr ocutputs
marginal ly correlatable.

Acoustic data, however, proved to be more promlising in view
of the current advances In elastic wave theory, particularly Lamb
wave theory, In which major advances have taken place in the past
five years. For example, If you target a cylinder and Iimpinge
upon 1+, more Information is available in the return than Is
generally useds The record shows a sudden bulld-up in Intensity,
" then a blank, then another buiid-up In Intensity. When you take
a close look at thls data you find there are components
that depend on modes of osclllation unique to the geometry of the
target, e.g., plate, sphere, or éylinder. We feel this area will
glve us the most Information regarding the Identity of man-made
obJects.

We ran tests In whilch rocks, metal plates, spheres, and
¢ylinders were insonlfled. Analysis of the return slignals has
shown that each has characteristlic modes that are excited and
propagate energy. These modes can be Identifled and used to
classify objJects. There Is, for example, an identifliable
difference between the acoustic response of a rock and that of a

man-made shelil.
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This study has indlcated to us that a faciilty for

invésflga+lon of models in a controlled environment would be

beneficlal at this time. We plan to develop a simulation

" faclltty that will allew Investigation of objects Tnsonlfled by
‘varIous signal formats and types (pulse codes, FM slides, or
blontc type signals), Two facllitles at NRL could be used for
these tests: a 700 gallon poo! and a 50 x 50 x 75-foot reactor
pool. Although we will look at other sensory data--magnetics and
photography, for example~-we feel the most promlising area is

acoustlics,
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EAYE EAST
Dick Blldberg
Marine Systems Englneering Laboratory
Universlity of New Hampshire

‘.The'EAVE‘EﬂST vehlclé'rﬁ‘desrgned'fo perform tasks
characférized by a requirement for a high degree of
maneuverablil ity In a confined work area.

The function of the program Is to develop technology related
to the evolution of autonomous vehlcle systems. Since
1977 three essential tasks have been assligned. They are:

1) pipeline Inspection;

structural Inspection;

3) under-ice data collectlion.

In each task, the objJective is to examline system technology
and to perform demonstration experiments.

Program Development

1977=1979: The development task was to design a vehlcle~-
based sensor system capable of detecting an exposed plpeline, and
to so controi the vehlcle that 1+ may acqulire and follow the
plpeline. A simple computer system was constructed to accept the
Inputs of twelve acoustlic ranging sensors and to employ them in a
coarse pattern recognlition system to generate steering Iinforma-
tlon and altitude.

Emphasis was also placed on the navigatlion system
alternatives. We defined flive navigation systems as pertinent tfo
our program: 1} dead reckonlng (compass, pfeprogrammed
maneuvers); 2) homing (l.e., phase~arrival navligation system); 3)
passive navigation sysfeﬁ (range measurements using synchronous

clocks and timed acoustlic pulses); 4) transponder navigation

system (relatlive positlioning, 100=-130 KHz); and 5) a

22



transponder/intertial navigation system (accelerometers, rate
gyro, for example).

o Dayglopmanf_at+en+{on,bas been placed principally on the
'flksfifouF gfgfems;.ln'lg79 the EAVE EAsT'vehIcfe'éuccessfully
acquired and followed a bottom pipeline.

1979-1982: The system, called Structural Inspection Misslon
System (SIMS), has evolved into a three-year task. The vehicle,
essentially Tdentical to EAVE EAST, has been gliven the task of
examining a specified underwater structure. Placed In the water
up to 300 feet away, It homes In on a structure-mounted
transducer unti| the range Is approximately 140 feet. A three-
transponder navigation system In the reglon near the structure,
plus a pressure gauge, perm!t obtalning a high precision x, y, z
position fix. The vehicle Is then to penetrate w!thin +the
structure, to transit through 1+ to a "work station"™ where It
performs the simple task of photographing a target. {+ then
retraces [ts path through the three-dimensional maze, to return
to its launching position.

To accomplish the above mission It was necessary to develop
a high=-resolution acoustic navigation system. To do this, we had
to define the mission in the computer's terms. Because of the
complexity, we had to develop a program on a large computer to
explore program alternatives. The computer's task was to examlne
the structure and then defline safe passage areas wlthin,
Although we started with a very simple structure (i.e., a cube),
the methods developed could be applled to a more complex
structure. |In essence, the program generates a {Ist of paths

that are put Into the vehlicle computer. Once the vehicie arrlives
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at a certaln polnt, it can follow a series of specified path
alternatives. Our single IM-6100 computer was not adequate, so
we deVeloPQd a computer system composed of three 6100s. Each one
was dedica+ed toe speclfic tasks: coﬁfrolling the mission;
controi!llng the vehicle's thrusters; and controlling navigation.
A navigation computer handles all of the navigational functions:
data acqulisitlion; data processing and productlion of an x,y,z
positlon and speed; and assuring rellabllity of the data. Each
computer talks to the main computer, which has the mission
algorithm and acqulres system parameters, such as, temperature of
the compass, headling, and depth. In effect, we have developed a
distributive processing scheme contalning specliflic components
that perform well=-defined tasks.

A modern mlcroprocessor, the Motorola 68000 system, Is belng
developed to extend the system capaclty. The 68000 has the
capaclity for more sophisticated mlIssions and for much faster
processling of data. I+ also offers the potentlal of
communlicating In higher level languages (PASCAL or C).

Tests of these systems are underway at Lake Winnipesaukee
and include evaluation of the navigation systems, the command
computer, and mission algorithm. The interprocessor system and
the communication phllosophy are both completed and working. The
first performance of the above mission Is‘planned for October of
this year,

One of the major problems we haQe encountered has been
modeling of the navigation system. There were several system

alternatives, which made It difficult to bulld a single model for
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an examlnation of the sensitivity of the navigation system to the
system errors.

.This qoq{ng year we wl}l be fryjng to quantlfy errors in
the névigéfion sysfeﬁ;- We aiso wlllnbe looking for posslible
errors In the vehlicle's control system, Including, in part, an
analyslis of the dynamlcs of EAVE EAST and the deslgn of a control
system that wil! take advantage of this Informatlion.

Anojher area we wlll examine Is visual imaging. Ultimately,
we would Ilke to transm!t real-time TV through the water. But,
because of the !Imitation of the communlication channel, 1t s
obviously necessary to be "smart" on both ends. Data compression
In this respect is unavoidable. The vehicle operator wlill know
how to compress hls data relative to what he knows about the
misslon the vehicle Is conducting. If he can compress It suffl=-
ciently to put It into a low data rate acoustic link, he can then
adjust the data as a function of I+s informatlion to what the
vehicle knows about the content., We do not yet haye a strong
feeling for what we can or cannot do in this area. We have
Investigated the feaslibillty of dealing with thls through
bandwidth compression., This year we also obtalned (from Oceans
Electronic Applications, Inc.) a CCD camera to test a bandwidth
compression algorithm on actual underwater imagling, to see
whether we can actually transmit video data through the water.
(Our conversatlon with others In this fleld reveals a surprising
scarclty of research Into the Imagery of ocean plctures or of
thelir Information content.) This algorithm can be Implemented on
a microcomputer, and [+ appears that compression ratlos on the

order of 20 to 30 are possible. We are presently modelling thls
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algorithm and, once It Is working we will| Investigate the possi-
bitity of putting the digitizer and frame-grabber together +o
' Implement the' atgbfifh-mf'of{:"a-'- 68,000 CPU. 'On ‘another 68000 system
we wlil try to reconstruct the Image in a remote cperator's
monitor. This will permit a qualitative comparison of the Image
we began wilth and the ocne we finlshed wlth.

1981-1983:

Arctic lInspectlon Mission: This program began recentiy. We
are addressing the generic problems involved In performing a long
range {(possibly 1000 nm) under-Ilce Inspection mission. The
operating scenario now envisioned is to conduct a 10 kM misslion
to take acoustic proflles of the Ice keel and the bottom. A+t
Thfs point we envislon six echo sounders (five upward lookling and
one downward lookling), operating on the order of 200 kHz with
about 200 watts. A large part of thls program entails
Investigating vehlcie control to assure a high degree of
reliabiifty. With respect to the latter, we hope to make the
vehicle "fall gracefully,”™ If at all, rather +than
catastrophically, and to be friendly to the user. We will
attempt to Implement high level {anguages Into the system--
definttely PASCAL, C, if possible. We also hope to develop a
recording device for the vehicle that will store englineering data
and operating parameters during testing, as well as very large
guantitles of data during the mission. We will also Tnves+Iga+e
the applicatlion of bandwidth compression to the profiilng data.
We plan to use a magnetlc bubble memory recorder (4 Megabl+t

capaclity) In the vehlicle.

26



Microprocessor Davelopment at lntel Corporation
Jeft Hawkins : :
Intei Corporatlion
Cheimsford, Massachusetts
- 'The TAPX "186 ‘and” TAPX 286 processors are” products that will .
be introduced In early 1982 by Intel. These are high performance
evolutionary extenslions of our current |APX 86 product family.
The 186 Integrates many hardware components onto one chlp. The
286 includes high level software features such as: +task
swlitching, memory management, and virtual addressing support.
Major components of the 1APX 432 processor famlly are
avallable now, but the processor fam!ly wlll be growling for
several years. The hlighllights of this family Inciude Incremental
performance via software transparent mul+iprocessing, and a

highly fault=-tolerant design.
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ARCS (Autonomous Remotfely Controlled Submersible)
John Brooke
Bedford Institute of Oceanography
Dartmouth, Nova Scotia

' The.drrv{hg‘férce"béhlnd'fhé ARCS program s an urgent need -
for bathymetric surveys In the higﬁ Arctic where the area, In
many lInstances, Is Ilce-free for only a matter of weeks. We have
looked at new technlques for surveying the Arctic, and one of the
more promising techniques i§ an autonomous under-lce vehicie. A
contract has been established with International Submarine
Engineering, L+td., Port+ Moody, BC, to provide such a vehlcle,
The performance goals of this vehicle are: 1) an endurance of
100 nm, a speed of flve knots max!mum and a maximum distance from
the contro! station of about ten nm. While the vehicie will be
Truly au+onomou§, one feature of the system wlll include the
capablllty of periodically checking Its [ocation and performance.
Later, we hope to broaden the Instrumentatlion sulte to Include
sefsmic and sidescanning sonar, At thls moment, the project Is
In the Inclplent stage and we are accumulating a base of
knowledge by consulting wlth such organizations at the Applled
Physlics Laboratory, Un!versf+y of Wasington, and by gleaning
Information from the experliences of others, such as those of you

at this symposium.

The program Is currently funded for about three years.
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Jean-Louls Mlchel
CNEXO (Centre Natlonal pour ['Expioitation des Ocean)
La Seyne sur Mer .

- France

EPAULARD 1Is designed to conduct deep #afer bottom
photography and topographlc profiiing to depths of 6,000 m. |+
was launched in 1979 and has made 72 dives since that time; 40 of
these dives have been to depths between 1,000 and 5,300 m. The
vehicle Is launched negatively buoyant and, once !t has reached a
pre-designated helght above the bottom, 1t drops I1+s descent
welght and becomes slightly posltively buoyant. A drag chaln
holds It a speclified QIs+ance (three to seven m) above the
bottom, according to the requlired resoiution of the survey data
control. EPAULARD's course is controlled by an acoustic ifink
from the surface. Having completed Its mission, the vehicle
drops an ascent welght and returns to the surface.

Utlllzation of EPAULARD, to date, has proceeded from simple,
stralghtforward misslons, such as surveyling the bottom of a
canyon, to more complex mlssfons involving flne-gralned
topographic delineatlon of an undersea reilef feature. Recent
at-sea operations Inciuded the deployment of a towed surveyling
vehicle (RAIE 11} In combined operations wlth EPAULARD to obtaln
comparative data to better understand the strengths and
weaknesses of the two systems.

Characteristics of EPAULARD are as follows:

Depth: 6,000 m

Speed: 2 to 2.5 knots
Duratlion: 10 hrs
Range: 12 nm

Hull Material: TIi+anium
LOA: 4 m

Beam: 1.1 m
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Height: 2Zm

Weight in Alr: 3 tonnes

Propulsion: 1 horizontal thruster (and rudder)
Power: Lead acld batterles 48V, 18 kWh

" *- Command/Control: Internal heading follower; acoustlc

command and measurement

Microcomputer system: 2 microprocessors 80 80; 3 UP!41
peripheral microprocessors

Communlications: Acoustic link

Instrumentation: 35 mm s+I1! camera (5,000 exposures),
temperature sensor, altltude sonar, depth and
heading sensors

Launch/Retrleval System: Standard A-frame or crane
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ANGUS

Electrical and Electronlic Engineering Department
Heriot«Watt Untversity
Edinburgh, Scotland

| During the past decade three unmanned cable-controlled
submersibles have been bullt by thls University: ANGUS 001,
1973-1975; ANGUS 002, commissioned in 1977 and used to establish
an automatic guidance and control strategy for unmanned tethered
vehlcles over the perlod 1978-1981; and ANGUS 003 a modular
verston of 002,

The current research programme, from June 1981 onward, Is
concentrating on the automatic guidance and control systems, and
the acoustic communication and signal processing systems requlred
for tetherless vehlicles.

Experience gained during the '002' programme has established
a mathematical mode! of an open framed vehlcle, defining the
typical hydrodynamic characteristlics of this class of vehlicle. A
hlerarchical control strategy has been defined for both the
tethered and an untethered vehicle using an acoustlic navigation
system. Manual control of the thruster demand Is the basic
level, with the closed-loop control of heading and depth forming
the flrst level In the control hierarchy. In level 2,
Information from the Instrument subsystem can be processed and
the parformaﬁce of the lower level control loops can be assessed.
In a guldance, obstacle avoidance or an alarm mode, level 3 can
define new objectlives for the control loop and display
Information for the operator. Level 4 forms the man-machlne
interface, where the operator can assess the displayed data In

tabular form or as a 3-dimensioconal representation of the motion
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of the vehicle. The 3-D dlsplay can take range and bearing data
from the acoustic navigation system and give the operator an
Image of the vehpqie poslition wlth respect +to the ship and the
trajectory of the previous path of the vehlcle. The computer
executes the control tasks In real-time, sampling the level 1
loops at a perlod of 100 msecs and the level 2 guldance loop at a
period of 1| or 2 seconds. Software development for a control
system of this complexlty forms a substantlal part of the
system's research. To evaluate software for the control and
guldance algorithms and the data communication |Ink, the dynamic
equaf}ons of the submersible have been programmed as a separate
task within the control computer. This provlides a simulation
procedure to Investigate the manoeuverabll ity of the vehlcle over
a range of mass and drag coefflclents, In addl!tion to evaluating
the control algorithms.

In the sImulation mode of operation the motion of a free=~
swimming vehicle can be observed when driven automatically around
a pre-defined path. An adaptive control! locop has been designed
to minimize the amount of control effort and, therefore, energy
used to perform the mission, whilst minimizing the effect of the
measurement noise. The trajJectory can be data-iogged by the
control computer and plotted by the x-y plotter to glve a record
of the performance of a specifled measurement noilse.

The control strategy follows a procedure to first control
heading and depth; then, predict the vehicle positlion using the
approximate model durlng the sampling period, and, flinaily,
estimate the posltion and correct the estimate at the end of the

samplling period using the most recent measurment value. This
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correctlion takes Into account the model)lnaccuracles and the sea
current blas, and adapts the estimator gain to take Into account
the nolse charaterlistics, before the new thrust vector |Is
computed. The algorlthm has been successfully Implemented in a
simulatlon mode and has been tested In deep water trials In June
of this year.

The communication area covers the problems of thru-water
slgnalllng‘ahd video bandwldth reduction techniques. One area of
communications Is to employ the techniques used for wire gulded
torpedos where the wire Is pulled out of a drum as it travels
through the water. An optlcal flbre cable, when avallable, will
be much smaller and lIighter than those present!y used and are
suited to a small vehlcle. As part of the communlications
research program a study has been recently carrted out on a pulse
frequency modulation system tled to an optical fibre |ink.

Research on underwater acoustlics Is currently centered on a
comparison of modulation techniques and experimentation with high
frequency, broad band transducers. |In these, 600 kHz devices, a
bandwidth of 150 kHz have been obtalned, easily meeting a 10 kilo
bits/second data rate with a possibility of @8 much higher rate.
Stable platforms (quéd-pods) have been constructed to enable
reliable and repeatable tests to be made. Modulation techniques,
tncluding ampi{ltude modulation, frequency shift keyling, phase
shlft keylng and differentlial phase shift keying have been
compared with regard to a low diglital error rate.

The other half of the communicatlons study Is the reduction
of video bandwidth In values compatible with the acoustlic

channel, around 10 kllobffs/second. This {eads o slow scan TV
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techniques where a frame Is stored and then retransmitted at a
relatively low rate. Further studies wilth a slow scan TV
developed by the Research Department of British Telecom wlill
bulld up our knowledge In this area.

| Another aspect of the project Involves the Investigation of
techniques of transform coding applled to bandwlidth reduction for
video transmisslion. Here, the slow scan process Is only one of
many software routines developed to be rum on an LSI 11/23
computer. In parallel with the Image processing belng deve!oped,
further hardware studles are centered on a |low resolution TV
charge=coupled dev}ce camera. Digital location of plcture
e¢lements and analog gray level output, make this device an ideal
research tool,

Future studies Involve the Interaction between a totally
Free-Swimming Unmanned Vehicle (FSV) and a mother vehlcle
controlled by a surface cable. The most relevant appllication of
the FSY would be In Inspection of complex underwater structures,

such as, rigs, piatforms, and wel lheads, where cable entanglement

potential s high.
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mwmm-mammmumummm
Relaxation '
Charies Thorpe

The Robotlics Institute
Carnegle-Melion Unlversity
Pittsburgh, Pennsylvanlia
Abstract

This paper discusses the use of high-level templates and
relaxatlon techniques in processing slde-scan sonar images. The
Images examlined do not have enough resolution to {dentify the
objects individually. Distances and orientations among groups of
objects are stable, however, and provide the Informatlon
necessary to unambiguously [dentify each obJect.  The Identified
targets are then used to provide navigation information for
underwater vehlcles. Much of the work described is an
appiication and reflnement of establlished tfechnliques, most

directly those of Davis. Low=level filtering, tempiate matching,

relaxat/on and M+ search are all discussed.

lntroduction

This paper describes the use of template matching and
relaxation In processing sldescan sonar Images. Most of the
basic lIdeas involved In comblning template matching and discrete

relaxation are refinements of the method discussed by Davis [2].

*This paper is a more formal presentation of a talk presented by
Mr. Thorpe to the Unmanned Untethered Submersible Technology
Symposlum, September 21-24,. 1982, This research was supported by
the Robotics Instlitute, Carnegle-Mellon Unlversity, and, In part,
by the Office of Naval Research. October 9, 1981,
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This study extends thelir use to processing sonar images and uses
knowledge specific to the particular task. Target detection, the
techniques of template matchling, relaxation, and M. search, and
contributions of thils study are all discussed, as well as
specific detalls and experimental resul+ts.

The system examined processes sldescan sonar Images for an
underwater channel conditloning robot. The robot will map the
locatlon of large obstacles on a relatively smooth channel
bottom, then check perlodically to see If any of the obJects have
shifted or If there are new obstacles. Sonar serves two
purposes: detecting the obJeé+s (called "targets") and
navigating, based on Identlfication of targets as known objects
on the map. In practlce, the primary navigation would probably
be done by an Inertlial system, with sonar providing back=-up and
drlft correction.

There are two basic parts to the sonar Image processling.
The first part Is target detection: declding which echoes are
from targets and which are Just nolse, and reporting target
positions. This Is not generally possible to do wlth total
accuracy. Some false alarms usually get through and some targets
might be mlssed.

The second and more Interesting part is target recognitlion.
Given the location of detected targets, the system must elther
ldentify each target as a particular object on the map or
classify I+ as a new object. Individual targets lock very much
allke, so identification must be based on distances and angles
between groups of targets rather than on echoes from Individual

objects, It Is here that template matching, at an abstract
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level, Is used. I|f several ldent!ficatlons are possible, relaxa-
tton helps narrow down the possiblllties. Flnaily, M+ search
picks the best Identiflcation for each target. |In thls case,
"best" means not only the most Ilkely for that single target, but

also the most consistent for all targets,

Iarget Datection

The flirst task Is to find the locatlion of the targets In an
Image that Is rather nolsy by optical imaging standards. The
Images are generated by a Westlnghouse sidescan sonar. A
sfdescan sonar loocks at right angles to the directlon of the
travel of the vehicle, constructing an Image row by row as the
ship moves forward. The sonar looks down and out at an angle, so
it misses objects directiy below the vehlcle but has a good view
of objects sticking up from the bottom off to the side. The
Images generated are elght-bl+ images, with about six bits of
reflable data, and are 1000 pixels square. There Is much nolse,
with scattered reflections off the bottom ranging over the whole
dynamlc scale, glving a strong salt-and-pepper appearance to the
Image. Varlous preprocessing fllters and smoothing a!go?lfhms
were used to try to ciean up the Image. None of them succeeded
In eliminating noise without also elImlnating targets.

Targets (reflections from objJects) appear as brrghflblobs,
about filve or slx pixels across. Each target Image has a iong
shadow (up to 50 pixels or more) tralling directly away from the
sénar transducer. Length of the shadow Is.a function of a number
of varlables: helght of the vehicle above the bottonm, helght of

the obstacle, and dlstance from the vehlicle to the obJect.
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Nelther the bright target Images nor the dark shadows by
themselves are enough to plck the targets out of the noise.
Together, however, they provide enough Informaflpn to do a falrly
accurate Job of deTecTidnr - )

All targets are about the same size, and all thelr shadows
fall Iin the same directlon (directly "behInd" the target as seen
from the sonar transducer). This makes It possible to convolve
the image with a fllter that has maximum response when It
overlays a target and shadow. A relatlively crude step fil ter,
with weights of +1,0, and -1, Is adequate and can be convolved

efficlentiy. The fllter can be described graphically as

where the value calcuiated Is the sum of the values of the pixels
underly!ng the +s, minus the values of the pixels underiyling the
-s. As the fifter Is moved écross the [Image, the highest values
result when the bright, high-valued plxels of a target {ie under
the +s, and only dark shadow wlth low values lles under the =-s.
The O0s are necessary because, typically, there Is a fuzzy edge
between target and shadow. If the value calculated for a given
point exceeds some threshold, the coordinates of the center of
the + reglon are reported as a posslible target locatlon. Another
program takes thls [Ist of points and ciumps adjJacent candidate
points Into objects, reporting row and column coordinates and
number of points In each object. This process also uses a
threshold, rejecting objJects with only a few points as probably
belng nolse. Aspect ratio, left- or right-sidescanning, and

other sensor-dependent varliables are taken care of at this polnt.
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The stralghtforward approach to convolving the fIl+ter wlth
the Image Is computatlionaliy expensive. Each polnt In the Image
would require, for the filter shown, nine additions and flfteen
subtractlions. A better algorlithm keeps column sums and
tncrementally updates the total each time the f1|+ter s shifted
[3]. Thls cuts the convolutlion down to oniy three addltions and

three subtractlions per pixel for an arbitrarlily large fi!+ter.

Jemplate Matching

Once the targets are detected, they need to be Identifled as
some known obJect on the map. A target can almost never be
identifled in Isolation. There can be more dlfferences between
the appearance of the same object in two dIfferent Images than
between different objects in the same Image. There are problems
with noise, specularity, different dlstances between target and
transducer, and views from dlfferent directions. Conslder, for
example, the difference in echoes from a "D" shaped obJect when
viewed from the left or from the right. Since Information about
single targets 1s so unrellable, it Is necessary to use other
Information sources. Dlstances and orlentations between targets
are generally much more rellable and much more stable from one
Image to the next., This information Is used to drive a high=
level template-matching scheme.

Template matching works by comparing an Image, or parts of
an Image, wlth known objects. Classlcal, low~level template
matching works ;Ifh the digitized Image directly, compa?ing i+

pixel by pixel with a template. The Image and the template match
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If the difference between thelr pixels Is less than some
threshold.

Template matching can also be used on a hligher level!,
matching description to description rather than pixel to pixel.
In sonar image processing, the actual image Is abstracted to the
coordinates of the targets, and forms a template described In
terms of loecations, distances, and orientations. Note that the
Image fs used as the template in *hils case, since It Is smaller
than the map. The objects on the map are described In similar
terms, In fact, the map may have been constructed from a
previous pass with the same vehicle and sonar Imaglng gysfem.
Quality of 2 template match Is then a function of how much the
templiate (Image descriptlon) must be stressed--stretched,
twisted, and shifted~-to IIne up wi!th the map. Hence the name
"rubber template™ for this kind of matching. A fringe beneflt of
this kind of map and template Is that very lI+ttie storage Is
needed; only three Integers (row, column, and Intensity) per
target, for about 10 to 20 targets per image, rather than the
megabyte of memory necessary to hold the entire Image.

A match between the template and the map Is an
ldentiflcation of each target, or an Indlcatlon that some targets
are not on the map. To make the process more efficlent, template
matching Is done in stages. Flrst, a rough approximation Is made
using only part of the information available. This usually
leaves several candidate matches, that is, more than one possible
map Identification for each target. Then, more constraints are
applied using relaxation to discard the less |lkely matches.

Finally, the remalning template matches are evaluated and the one
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that Induces the least stress In the template description is
chosen as most |tkely to be correct.

A few things are known apriori, Other navigation systems
can provide a rough |dea of present poslition and a quite accurate
heading. So It 1s possible to calculate an approximate position
for each target. This means that the map objects that have to be
considered as posslble identiflcatlions of each template (unknown)
obJect can be |IImited to those within some small distance of
where the robot thinks each object actually Is.

The first step In template matching constructs a Iist of
possible Identlflcations, each a target-map object palr. A palir
Is created only If the position of that obJect on the map is
sufficiently close to the calculated position of that target, and
pairs are glven a welght based on how close the actual distance
I'se Note that any glven map obJect or target can be part of
several different palrs, since a target may be near several map
obJects.

The palrs contaln Information only about the location of
single targets and map points. This usuaily Isn't enough to
unambiguously I1dentify targets. To incorporate more Information
and create a framework for further processing, the list of palrs
I's turned Into a graph. Each palr becomes a node of the graph.
Information about relationsh!ps between palrs of targets and
pairs of map points goes Into the edges of the graph. Two nodes
are linked only If the corresponding distances are withlin some
tolerance, In other words, 1If T!‘MI and TJ-MJ are two nodes
(that Is, two target-map pairs), they wlill be |inked If the

distance T!I-TJ between targets Is about the same as the distance
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MI-MJ between corresponding map polints. The idea is that if the
distances are Inconsistent, at least one of the Ildentificatlons
must be wrong.

To summarlize, the terms "node," "target-map pair," and
"possible Tdentiflcation of a target™ are used Interchangeably
and all refer to the calculated locatlon of a target. An example
would be "target at row X! column Y! In the sonat Image, object
on the map at X2 Yz," which Iindlcates that the partlicular echo
might be coming from a certain rock that is at a particular place
on the map. Furthermore, the existence of a Iink betwsen two
nodes Implies that both nodes could be correct Identifications of
their respective targets without having to stretch distances too

much.

Ralaxation

The first step of template matching uses only some of the
Informatlion about an Image and wlll almost always result In
several possible Identiflcations for a given target. Recall that
the Information In the nodes themselves Is only the calculated
posltion of the targets, Relaxatlon Is appllied to use
Informatlon from the links between nodes (that Is, distances
between palrs of targets and between corresponding pairs of map
points) to delete nodes.

In relaxatlon, the value of each node In a graph Is a
function of the values of It+s nelghbors. For exampie, we can
derlve the temperatures at polnts Inside a metal bar by modelling
the bar as a la++!§e graph with known temperatures at the

surface. A flrst approximatlion of the temperatures at any glven
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point Is the average of the temperatures of Its neIghbors.
Successlvely finer approximations can be calculated by averaging
the updated values of the neighbors untl! the change from one
I[teration to the next Is sufficiently small.

The relaxation used In template matching Is "discrete"
rather than "contlnuous™ as in the example above. Rather than
Increasing or decreasing a node's value, the node is either
retained or deleted. Again, thls is a function of the other
nodes to which I+ is Iinked. A node Is said to be "supported" by
Its nelghbors If thelr wefghts are enough folprevenT Its
deletion. Since deleting one node may remove enough support from
one or more of I+s nelghbors to cause thelr deletion, the process
may be repeated until a stable graph remains.

If the position of each target were calculated exactly,
there wouid be a node for each correct target-map palr,
Moreover, each correct node would be connected to all the other
correct nodes, since the target-target and map-map distances
would match exactiy. There could be other spurlous nodes, and
they would probably have IInks to at least some of the correct
nodes, but not to all, So the search could simply find the
maximal clfque (fully-connected subgraph) in the graph, report

those nodes as the correct !dentiflcations, and discard ail

others,

In general, though, some nodes, llnks, or both wil!l be
missing because of errors In calculated +argé+ positions., I+t
will stlll be the case that almost all correct nodes wlll be
Il'nked to almost all the other correct nodes, since the
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respective dlstances w!l| be neariy correct. Discrete relaxation
may be thought of as finding the largest almost-clique, useful
for Imperfect graphs. Each node is checked to see 1f [t has
enough links {(that is, If I+ Is consistent with enough other
identiflcations); 1f not, It gets deleted. Furthermore,
nelghbors are not simply counted. Rather, the weights of the
nelghbors are summed and that total Is checked agalinst a
threshold, In this way, nodes that have a high probabillty of
belng correct based on positlon (that is, nodes with a high
welght) contribute more to keeping a neighbor than do less
probablie nodes. Since deleting a node also deletes ali I|inks to
that node, one or more of It+s neighbors may then fall below the
threshold. So the entire process Is repeated untll a stable
subgraph remalns.

Selecting a threshold poses something of a problem. |If
there are a large number of spurlious nodes at the beginning of
the relaxatlion process, even Incorrect nodes may have many
nelghbors. On the other hand, by the end of the deletions there
would ldeally be only the few correct nodes, each wlith only that
number of nelghbors. So a variable thresho!d must be used, set
accordling to the number of nodes remaining at each iteration,
The threshold can be lowered automatically if a stable subgraph
ls reached with far too many nodes, or ralsed and the process
repeated, If too many nodes are deleted.

Relaxatlion based on nodes and lInks wlll ellminate most of
the incorrect nodes, but not alt of them, The Informatlion used
up to this point comes from calculated position of individual

targets (creatlon of nodes), from dlstances between palrs of
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targets (creation of iTnks), and from cons!stency of those
distances (relaxatlon), The next stage looks at orientations and
angles formed by three targets {(two !inks from the same node).

The two template-map palrs at the ends of a |ink define a
ITne segment In the template and an equivalent one In the map.
Mapping the template [ine segment onto the map segment gives a

four parameter transform: the llne segment can be stretched,
rotated, shifted in X, and shifted In Y. These four parameters
are calculated for every lIlnked pair of nodes, and that
information Is stored with each |lnk; relaxatlion Is t+hen used on
the links. Where before, relaxation checked for consistency
between nodes (positfion of targets), In this case It Is used to
check for consistency between |inks and, therefore, between
groups of nodes.

In a perfect match, each palr of correct nodes would produce
exactly the same four parameters. In other words, If the
template needed to be stretched, rotated, and shifted by certaln
amounts to match the map, the |Ine segment connecting any two
targets would, itself, have to be stretched, rotated, and shifted
by those same amounts. If one of a Ilnked palr of nodes
represents an Incorrect identlification, then even though the
length of the |Ine segment might be nearly correct (it must have
been, in order to get by the first relaxation step), the rotatlion
and shifts will be wrong. So relaxation In thls case compares a
link with all| other !lInks having a common endpoint. I|f the four
parameters of a transform affachéd to a Iink are each within some
value of the parameters of an adjacent iInk, +he Ilnks are

consistent. I|f a link Is consistent with enough other !inks, 1t
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survives; [f not, It Is deleted. Note that what Is belng !ocoked
at is not the value of an individual transform; rather, I+ is the
difference between two transforms. A glven [Ine segment can be
rotated and shifted by an arbitrarlly large amount, as long as
other |Ine segments are rotated by nearly equivalent amounts.
Just as In the case of relaxatlion over nodes, deletling a |Ink
might lead to the deletion of one of the adjacent |Inks. So the
relaxatlon Is Iterated unti! only stable [Inks remaln.

Deleting |inks reduces the number of nelghbors of the
formerly |lnked nodes, perhaps to the polnt that some of them may
no longer have enough consistent nefghbors. So the next step Is
+o run the node relaxatlon process again., The result Is a stable

graph, usually with very few spurlous nodes.

Search

Even after the template matching and relaxation steps, there
can be more than one plausible Identification for a glven target.
M* search 1s then used to plick the best set of identificatlons.

M was flrst described by Barrow and Tennenbaum In [1]. I+
works as follows. Check the Ifst of nodes, lookIing for some
target with more than one possible Identiflcation. Call the M°
procedure recursively on a series of new lists, each the same as
the original |1st but contalning only one of the conflicting
Identifications for that target. When there Is only a single
node for each target, the remaining nodes descrlibe a candidate
match. This match Is evaluated by assessing the stresses In the
template as follows, The "cost" (stress) of the match 1is

incremented 1) for each unldentified target, 2} as a functlion of
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less than perfect positional matches (from node welghts), and 3)
as a function of distances between a pair of targets not matchling
the distance between the corresponding map points (the |1lnk
"stretch™ parameter). |f the total cost of this match Is less
than the tota! cost of the best match previously evaluated, thls
match replaces the former best match.

I+ might be that some nodes survived the relaxation process
by being lIfnked to two confilcting nodes (that Is, nodes with
different tdentiflications for the same target). Thls can be
discovered, and those nodes deleted, by running The relaxatlion
process each tIme the M+ routine generates a new Iist of nodes.
Often after relaxatlion, the subgraph formed by that [Ist of nodes
and their links will collapse, ruling out that search path and
saving search time.

Note that the Me search process would work correctly if i+t
were Invoked on the origlnal graph. Relaxation is much less time
consumling, though, and constderably reduces the size of the
subgraph that must be searched. On the other hand, relaxation
might occasionally throw out nodes that actualiy belong to the
best possible match. So there 1s a tradeoff between running time
and conflidence in the resul+t,

Finally, It is possible to use the results of all this
processing to provide accurate informat+ion for navigation. Glven
Ildentiflcatlions of severa! targets, !t Is relatlively easy to
calculate the four parameters of the global transform that maps
each target as closely as possible to Its map locatlion. Then,

knowing the shlp's focation and headling relative to the Image,
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the true map coordinates and heading of the ship are sasily

obtalned.

ExperImental Results and Further Research

The experimental study dealt with slx sonar Images of the
same area: three generated on passes up the channel, and three
tn the opposite dlirection. One of the Images was used fto
generate the map. Matchling the other two Images made In the same
directlion, with vehicle position known to within 100 pixels In
each dlrectlon, produced the correct ldentiflcation for each
target, and gave headling and posltion correctly. Matchlng Images
made In the other direction was a {Ittle more difflcult. The
mathematlcs of fllipping, rotating, and shifting the Image posed
no problem. But there were dlIfferences In the scalling of the two
sets of Iimages along the dlrectlion of travel, apparently caused
by a current, VYisual iInspection of the Images shows that the
‘+hree taken In one direction are compressed In the direction of
trave!{, while vertical dlistances between targets seem to have
been stretched out for those taken In the other direction. There
are two solutlons to this problem. The easler, from an Image
processing polnt of view, would be to get more accurate
information on absolute vehicle speed and correct the Images
based on that. The other possiblility wouid be to change the
template to allow more stretch In the directlion of t+ravel than
perpendlicuiar to the vehicle, and to place more emphasis on
consistent strefch and less on absolute positions.

Another problem +to be worked on is automatic determlination

of thresholds. The flirst place this arlises Is In target
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detection. Apparently the callbration of the scanners used In
one directlon was significantly different than the callbratlion of
the other scanners, so the second set of Images was of much
higher Intensity. The target detectlon parameters, carefully
tuned to the flirst set of Images, produced more spurious targets
than real ones when applled to the second set. Adjustment of +the
parameters to sult this set of Images was not a big problem, but
It was Impossible to find a set of parameters that worked
correctly on both Images. Some type of histogram=-driven
automatic threshold would be a good idea. Other varlables that
have been experimented with, bu¥ could use more examination,
Include size of the filter and number of points In a clump
necessary to report [t as a target.

In the relaxation steps, there should be a way to adjust
thresholds as a function of confldence In the reported positlions.
If the vehlcfe's position Is accurately known, ocean currents are
ataminimum, and the image Is sharp and well detalled, it should
be possible to restrict the range of possible Ident!flcations for
each target. Some of this Is done manually now, by asking the
user of éhe program for maxImum aliowable stretch, for Instance.
Also, node and |ink deletlon thresholds, which are now only a
functlion of the number of nodes, should be adJustable If too many
or not enough nodes are left at the end of the process.

Weighting the cost function of the M+ search Is also a
problem. How much more cost should be assigned, for example, for
an untdentified target than for an Identification that stretches

distances? Currentiy, the welghts are set In a rather ad hoc
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fashion. There might be no good, sclentiflc way to set +hém; 1f
not, trlal and error will paye to sufflce.

anajly, the whole .process should run faster. As an
experimen+ai projJect, much of the coding Is done 1In a
stralghtforward, understandable, but inefficlent style. |In order
to run this onboard an autonomous vehlcle, running time as well
as storage space will have to be reduced. Mos+ of thls wlll be

relatively easy once the design is frozen.

Concluslons

Template matching and relaxation provide an accurate and
efficient way to recognize objects In certaln kinds of Images.
The important image characteristics for the style of processing
described In this paper are 1) Image rellably separable into
individual parts, 2} those parts not recognizable by themselves,
and 3) some relationshlp between the parts that is stable In
different views of the same area whlle belng distinctive enough
to provide rellable identiflcation.

Davis, on whose work much of thls Is based, used template-
driven relaxatlon to recognize contours of Islands. He
approximated the contours as polygons and did his recognition
based on relative locations of vertices and thelr angles.
Reliably decomposing the Image posed problems: a small change In
curvature could cause a large shift In the locatlion of a vertex
of the polygon. HIls data could also be arbltrarily rotated,
which added another complication. Even so, the distances between

vertlices, the size of the angles, ana the ordering of the
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vertlices along the contour were enough for accurate
Identification.

Sonar.!mage proqe;stng, as usqd tn channel conditioning,
seems'a natural application for these technlques. fhe image
decomposes very nicely Into separate targets, each nearly
Indistingulshable from the others. Orlentatlion and position are
roughly known, so there needn't be concern about rotation
invariance. Nor Should there be gross differences In scale. As
a result, poslitions of targets and distances between them provide
clues not avallable In Davls's Island contours. Posslibly most
Important, the distances and angles between +5rge+s, perhaps
corrected for ocean currents, are stable, rellable, and

recognlzable,
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Autopomous ¥Yehicle Actlvity at Hydro Products
Stephen H. Epplg

Hydro Products

San Dlego, Callfornia

IV Cameras

Hydro Products builds a wide varlety of underwater TV
cameras for general and speciflc applications. These Include
standard Vidicon cameras such as the TC=-125 and TC-125-=SIT,
There Is also a TC=-125-SDA (a golid state sensor resistant to
burn and high I1ght Intensity). Speclal purpose cameras built at
Hydro Products include radliatlion tolerant cameras, such as the
TC-215-SN, and the TC-135 (a smali dilameter, 2.9", wlth a
scanning optlics arrangement for Inspection of nuclear reactors);
and the PATZ (for pan, tI{t+, and zoom) camera. Thils camera
provides a camera-to-subJect distance measurement readout once
the subjJect Is In focus., Other cameras Include the Surveyor
Diver Helmet-mounted TY, and a modified version for use on the
RCYV-150. The RCYV version Is mounted on a pan and t![t mechanism
and employs a Newvicon tube for low=light-level sensltivity. The
latest camera development at Hydro Products Is a color TV called
'Hydro Color' which has automatic color compensation.

Hydro Products also produces a wide varlety of underwater
ITghts ifncluding quartz Halogen, Mercury vapor, and Thailum
lodide type |lamps of different power outputs.

Microprocessors at Hydro Products

Hydro Products Is using the PACE microprocessor In Its RCV~-
150 vehlcle. The PACE 1s a 16~blt machline built by National
Semiconductor. The PACE INS 8900 Is replacing the old-style PACE

and is used on several systems. Last year we acqulired the
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capability to do software development for Z80 microprocessors and
are now using the Z80 microprocessors In the color TV camera and
In several vehlcle control systems. There Is now a separate
MIcrocompufer Group within our Englneerlng Department that Is
responsible for present and new microcomputer development
activity.

Autonomous Yehicle Activity

Hydro Products has just started some generalized studles for
appiication of autonomous vehjcles In the industrial and
scientlflc flelds. We are focusing on long range, long duratlon
(days) systems that are highly autonomous and do not employ
acoustic or flber optic communication Ilnks, except as back-up,
or in some cases, supervisory control. Applications that we will
be alming toward include Arctic survey and deep ocean petroleum
exploration.

Welhave developed and are using a computerlzed vehicie
design model that facllltates the preiimlinary deslign of
autonomous vehfcles. The program al lows a designer to quickiy
and efficlently size a vehicle, based on performance requirements
and deslgn constralnts. The deslgner can also carry out
comprehensive sensitlvity analyses to determine the effect of
variations In various parameters on the vehlcle conflguration and
performance. Thirty-one Independent varlables (e.g., range,
mission tIme, payload, power type, energy type, hull form,
structure type) are accepted by the program.

Dependent varlabies calculated by the program Inciude all
elements of a mass properties report, power plant characteris-

tics, fuel requlrements and vehlicle principa! dimensions.
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We now have a six degree-of-freedom-vehicie-model running on

our HP!000 computer to allow us to do vehlcle dynamlic
simulations. Other work in the area of autondémous vehicles
Includes the study of navigation, communication, and artifliclal
Intelligence technologies.
(The speaker described the Hydro Products RCY=-150 vehlcle and
provided an overview of the RCV-175, He also showed a videotape
of the RCV-150 performing tasks with Its manipulator In the Hydro
Products Test Tank. A reference was slted for a complete
description of these manlpuiator capabilities: Eppig, S.H. 1981,
Vehicle Maneuverabllity Augments Remote Controlled Manipulator
Task Capability. Proceedings |EEE Conference, OCEANS '81, Volume
2, pages 1143-1149, Editors note.)

55



mumwmwww
Jdohn F. Loud
Woods Hole Oceanographic Instltution
Woods Hole, Massachusetts
Abstract

This paper presents a brief survey of ideas about acoustic
transponder navigation based on experience with workling systems
used in oceanographic research at the Woods Hole Oceanographic
Instlitution (WHOI), These systems have been desligned to work
effectively because of the presence of an operator. The
vehicular navigation has its base of operations aboard a surface
ship that sets a network of transponders and surveys the net. The
survey data Is reduced onboard the surface ship to produce the
relatfonal posltions for navigating an underwater vehlicle., In
most cases, the underwater vehlcle Is actually navigated from
aboard the shlp. If It can be assumed that the settlng and
surveyling of the transponder net Is independent of navigating an
underwater vehlcle, techniques can be loglcally extended to
navigate a remote, Independent submersibie by acoustically pulsed
transponders. Probiems of acoustic.pulse t+ransmissfon and
receptlion, environmental nolse, signal=-to-nolse ratlo, and
considerations of ef fective range must be overcome to nagivate

effectively. Once these are overcome for a remote underwater

vehicle, the problem Is reduced to one of guldance.

¥Thls paper Is a more formal presentation of a talk presented by
Mr. Loud to the Unmanned Untethered Submersible Technology
Symposlum, Sept. 21-24, 1981,
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To navigate an underwater vehicle within a transponder net,
the net must be Installed and surveyed. Several technlques in
surveyling and calibrating a transponder net are discussed. In
many respects, thls Is a more complex task than navigation within
the net. Planning the layout and setting the transponders, then
collecting the proper set of survey polints is a time=-consuming
task, but if accompllished properiy, the data can be used to
callibrate the relatlional parameters of the net accurately (within

12-20 cm).

dntroduction

Most of the Ideas presented here are based on two of the
acoustlically pulsed transponder navigation systems Iin use at
WHOI Acoustically Navigated Geclogical Underwater Survey
(ANGUS) system and ALYIN Navigation (ALNAV) system. The ANGUS
vehicle Is a tethered camera platform and the ALVIN vehicle [s an
Independentl!y maneuverable, manned submarine. These two systems
use ldentlical acoustic hardware and share the same concepts of
operation requlired +to navigate a shlp, FISH, submarine, or
sonobuoy. The computers used to compute positlon flxes are
different and, therefore, use different software. These systems
were deslgned to be controlted by an operator and, therefore,
little emphasis was placed on automatic navigation., The
requirements for recording and displaying data require +the
presence of an operator to control the system In accordance wlth
the needs of the researcher. Highllghts of these systems are
presented along wlth some of the Ilimitations and technlcal

difflculties encompassed by such systems.

57



Ihe Acoustic Navigaflon Problem

Of the two types of acoustic transponder navigation systems,
the Range-Bearing or short basellne system Is most useful for
locating a submerged target. !f a8 slngle transponder or
cpnfinuous wave (CW) beacon ts placed at a target, a training
direction finder or a phased tansducer can be used to obtaln the
bearing of the target relative to the navigated vehicle. Slant
range can be obtained If a pulsed transponder Is located at the
target; if the depth of the transponder Is known, the horlzontal
range can be obtained. Thls method is useful for locating a
ptpeline, recoverling a transponder, or tracking an underwater
vehicle (use& for launching and recovering ALVIN). In addition
to the IImltatlions and technical difflicultles assoclated with
acoustic slignaling discussed under Range-Range navigation, the
accuracy depends on how flnely the bearing can be measured
(typlically, one to flve degrees). Thus, the trackling vehicle's
posltioning (cross range) error Is dependent on range to the
target. (See Flgure 1)

The Range-Range or long baseline method of acoustically
pul sed transponder navigation requires multiple transponders. A
vehicle navigates within a network of transponders and relatlive
to the transponders. Slant ranges are "measured", and three
dimensional +triangulation Is used to compute the relatlive
positlion of the vehicle wlthin the transponder net using the
known baseline lengths and transponder depths. (See Figure 2)

Unfortunately, slant ranges from the vehlcle to each
transponder cannot be measured directly. Instead, the round trip

travel time of a pulse of oscillating acoustic energy (see Flgure
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3) Is measured. Each transponder Is tagged by an Indlvidual
frequency to tdentlify It from all others. Flitering and
dlscriminating this acousttc puise from other acoustic nolses In
the ocean environment Is a sophisticated task for analog
electronics. Pulse Ildentificatlion Is dependent on signal level,
signal to nolse ratlo, and receiver sensitivity and galn. The
effective range of the acoustic pulse iIs dependent on
environmental lImitatlions and the laws of physlics. A lower
frequency pulse travels a longer dlstance, and a hilgher fregquency
pulse ylelds better resolution and, therefore, a more accurate
position (typical frequencies used for ranging are 7-16 KHZ).
Other complexItlies In the ocean cause difflcultles in signal
transmission such as: salfinlity, density, temperature, and
pressure. These can be reduced to local variations In sound
velocity within the water column. These variations cause the ray
path to be a |ittle longer than the stralght I|ine path and
instgnificantly longer In the deep ocean. But In shallower
waters, more curving occurs and In very shallow water the signal
might bounce or reverberate while traveling from the transponder
to the vehicle. Submersibles experlence thls phenomena much less
frequently than does a vehicle operating on or near the surface,
but It is always a potential difficutly.

The purpose of pulsed transponder navigation Is to measure a
travel time of an acoustic pulse as [+ traverses the ocean
environment. Consldering the simplest case, that of navigating a
ship (see Flgure 4), an omnidirectional pulse Is transmltted by
the ship's transducer; received by each transponder, which

transmits T+s own omnldirectional pulse Identlfled by a speclflic
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Figuré 1. Range and Bearing to a Transponder

Bearing
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Figure 2. Positioning A Submarine
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Figure 3. Acoustic Pulse
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\Figure 4,

Ship Cycle
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frequency; and is then received by the ship's transducer.
Electronlcs of the ‘acoustic recelver aboard the ship Identify and
separate each recelved frequency into a separate channel measures
the round trip travel tIme.

Conceptuaily, thls Is relatively sfraighfforward. However,
the ocean environment presents many difflculties for an acoustic
pulse travelling In such a medlum. Terrain and structures within
the water column block and deflect the pulse. Biota absorb and
generate acoustic energy; whales and porpolses, In particular,
communicate by using the typlcal frequencles for rangling and
appear to mimlc these pulses. The pulse traveling through this
Inhomogeneous medlum Is dlstorted and is also modified by
reflections from small particles and plankton. Shlp nolse caused
by engines and propellers causes the hull and, thus, the water,
to reverberate. Water noise and sloshing are caused by frlction
created by the moving ship, as well as by cavitation from the
ship's propulsion. Many of these factors slmpiy iimlit ef fective
range by decreasing the signal=-to-nolse ratto of the received
puise. The effective range of the acoustlic pulse is dependent
upon attentuation, frequency, and ray paths.

Other sources of error affect the measured travel time.
Electronic tIme delay varlations wit+hin the various transponders
and transducers and small variations in travel path Introduce
Jitter, The jitter caused by t!des, waves (surface and
Internal), currents, and sway of a transponder at anchor also

produce posltloning errors.
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Ray paths can lead to gross po§!+lonlng errors I f they are
not taken Into consideration., An acoustic pulse almost always
travels a longer distance than the stralght line path but not
necessarlly In a longer time. I'n the deep ocean, a pulse
traveling from the surface to the bottom may have a travel time
approaching that of the stralght Ilne. A pulse traveling along a
deep near bottom path might do the same. When a pulse travels
hortzontally and vertfcaily within the water column, ray paths
must be serlously considered. One Important aspect is that
effective range is (Imited by the height of the moored
transponder., (See Flgure 5) An example of this phenomenon Is
shown In Flgure 6., The multi-path phenomenon occurs when a ray
bounces or refracts between the bottom and the surface or wlthin
layers of density varlations when travellng between water depths.
These extreme possiblliIties are shown in Figure 7. All of these
difficulties require that proper consideratlon be glven +to
modeiIng of ray paths to navigate accurately.

Once the round trip travel times to each transponder have
been measured, they must be converted to slant ranges. The one-
way travel times from the vehicle to each f+ransponder must bé
determined with proper conslderation glven to *ransducer and
electronic time delays in signal processing., Converting these
one-way travel times to slant ranges Is dependent on mode!lng the
ocean environment. A sound veloclty Is necessary to convert
travel tIme to slant range. Other model!ing Is dependent on the
application and accuracy expected of the system, Proper
consideration shoulﬁ be glven to correcting for veloclity of the

vehicle, varlations of currents within the water column, sound
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Figure 6. Ray Path Miss
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Figure 7. Two Examples of Unusual Ray Paths
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veloclty variatlons, ray bending, predlctable signal bounce
(surface bounce) (see Figure 8), and range gating of the travel
times. With ail of these cons!dered, there can stll| be
poslitlionlng errors owlng to Jitter in the travel times, which can
be caused by swaying of the transponders at anchor or signal
paths that Include a short bounce. Tides and waves affect the
depth of the water column; these wlll average out over the long
term, but they can affect short Tefm accuracy. Normally, the
methods employed sort through the measured travel +times and
dliscard all but the "correct" ones. Similar methods are often
used for slant ranges and, then, a navigation fix Is computed.
Baslically, there are two mathematical techniques for three-
dimensional trlangulation to determine & relative position using
slant ranges: deterministic or non-linear regression (least
squares). The deterministic method uses two slant ranges to
determine the X~Y Intersectlon at a specified depth (see Flgure
9) and, through aprior! knowledge, the position Is chosen wl+h
respect to the basellne palr of transponders corresponding to the
slant ranges. The least squaEes technique uses all avallable
siant ranges to estimate the "best" intersection. (See Figure 2)
To estimate an (X,Y,Z) position, a minimum of three slant ranges
I's necessary plus an Iindependent depth. A three-by-three matrix
(as well as other matrices) is created, inverted, and solved
Iteratively until the sum of squares error Is minimlized. Thls
sum of squares error Is computed from modeling slant ranges based
on estimated position and the "measured" siant ranges. This Is

the better method when considering an unmanned remote vehlcle.
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Figure 8. Interrogation of a Bottom Transponder Via Surface Bounce
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Figure 9.

Deterministic Positioning
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Speclifylng the ocean model Is stralghtforward and virtually
Independent of t+he actual position determination within a
computer program., The statistics generated by this method allow
flexiblility within the program fo validate the computed position
fix,.

A transponder net Is not usable for navigation untll It is
surveyed and the relational parameters are computed. Several
techniques and methods are avaifable. The number of transponders
and the geometry of the net determine the method of coliecting
round +rip travel tImes. Al!l computations contaln some type of
minimization algorithm and produce some statistical data to
determine the validity of the survey.  Two categories of surveys
are used in the fleld: contlnuous or one-time. The continuous
survey works on the principle that the net Is Installed, then
used for navigation Immedlately. During navigation, the net Is
callbrated contlinuously., Scripps' DEEP TOW uses this category
effectively. |+s dlsadvantage Is that transponder depths and
baseiine lengths keep changing, so a clear vehicle track is not
directly available.
| The second category, the one-time survey, assumes Installing
a net, surveying the net, calibrating the net, and then
navigating within the net. Within this category, three types are
discussed here: two=-transponder basellne crossing; three-
transponder and multiple-(n) transponder surveys. With a two=-
transponder basellne crossing, five survey polnts are collected
on the transponder base!ine. (See Figure 10): one at each end of
the baseline at Inflnlty; one on top of each transponder; and one

between the two transponders. 1{t+ Is sufflicient to say that a
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Figure 10. Baseline Crossing Survey
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computer program caiculates the basellne length and the depths of
the two transponders.

The three-transponder survey by a ship, as defined by WHOI's
Program SWURY, uses non-IlInear regression and Fletcher-Powell
minimizatlion algorithms to compute the depths and relatlional
parameters. A minimum of six disftinct survey polints must be
callecfed to estimate the six relational parameters (three
depths, baseline itength, and X-Y positlon of the third
transponder by assumling the depth of the ship's transducer [s a
constant). These six survey points must not lle on a conlc
sectlion (the mathematlics of the geometry 1Iis unstable),
Practically, thls can be eliminated by collecting five or more
survey points around the outside of the net at an infinite
distance and, then, by collecting at least one polnt Inside the
net. (See Figure 11) Statlstlcal data are produced by the
program so the operator can determine the valldity of the survey.

The n-transponder survey by a shlip, as deflined by WHOI's
Program ESTIMEXX, uses non=IlInear regression mathematics to
determine any number of relational parameters. The |Imitations
of the geometry and mathematics of SWURY also apply to this
program., That Is, there must bé at teast one survey point
collected for each parameter to be estimated and a minimum of six
fIxed parameters for each program execution (necessary to fix the
geometry to eliminate the folding gate phenomenon), and the
survey polnts must not Iie on a conic section,.

ModelIng of the ocean envirconment wlthln the program Is
generallzed in the attempt to facilitate a much more accurate

determination of the estimated parameters. Instead of minimlzing

64



Figure 11. Survey 6
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the sum of squares error of slant ranges, ESTIMEXX models the
round trip travel times. For Instance, the méasured travel time
for an acoustic pulse that travels from the shlp.to the
transponder and back to the shlip Is modeled using estimated
positions of the ship and transponder. The difference between
thls computed travel time and the measured travel time I|s squared
and summed with all others. An Iterative procedure computes new
poslitlions 6f the shlip and transponder and thus new round trip
travel times until the sum of squares error Iis minimlzeds This
technique allows very flexible signaling paths to increase the
accuracy of the survey whlle oliminating the tedlous task of
computing individual slant ranges from the measured travel times.
!n other words, the measured travel time Is used directiy In the
matrices and all of the mathematics Is In the model of travel
time computation.

Program ESTIMEXX was desligned to compute the depths and
relative poslitlons of the transponders within a net to an
accuracy of 12-20 cm instead of the usually accepted 4-5 m., To
accompllish this, new signal paths had to be defined and measured
(this was done by ATNAY, a product of EG&G, Sea-Link Divislon).
The signal path was dubbed "singaround," and simply used one of
the flixed transponders In the same way as WHOI's FISH cycle
signating pattern: sh|p to singaround transponder, to each other
transponder, and back to the ship., (See Figure 12) Each
transponder in the net 's commandable to operate In efther the
normal or singaround mode. Thils slgna! path allows for an

excellent determination of the horlzontal spacing of transponders
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and, therefore, a survey resulting in more accurate refational
parameters.

Although the technlques presented above descrlbe the
navigation of a surface ship, the same techniques arse used by a
manned submarline, Consequently, there Is no reason these
techniques cannot be expanded to Include the untethered, unmanned
submersible. Although there may be lIimitatlons and technlcal
deflclencies, a reasonable develcopment effort mlight overcome
them. The case of transponder net survey techniques by a surface
ship as presented wl!ll require a great deal! of thought and
development so that an unmanned, untethered, remote vehlcle can

deploy and survey a transponder net efflclently and accurately.

Figures were taken from the following sources:

1« Hunt, M,M,, W.M. Marquet, D.A., Moller, K.R.Pesal, W,K.
Smith, and R.C. Spindel. An Acoustic Navigation
System, WHO! Technical Report 74-6. December 1974, 67
pages.

2. Proposal for ATNAY I1, the Expanded Capacity Acoustlic
Transponder Navigation System. EG&G Sea-LIink Systems.
12/11/80.

3. Hunt, M.M., J.F. Loud, and W.K. Smith. WHOI Computer
Program Reports for ESTIMEXX. 1980.
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= and Thelr Relatlonship to Underwater Robotics
Thomas B. Sheridan

Massachusetts Institute of Technoiogy
Cambridge, Massachusetts

The overall question is: where does man fit itnto the
general area of autonomous, unmanned vehlcles? The reason for an
"unmanned" vehlcle Is that it does not jeopardize human |1ife.
"Autonomous™ is more difflcult to define in terms of the degroee
of autonomy. Between human and computer control are what might
be called "control mode tradeoffs.,™ Other issues Include force
reflection (e.g., Joysticks, switches); +time delay, if we are
using acoustic Iinks; video (frame-rate and resolution and gray
scaie tradeoffs); tactlle (both sensor and display); sonar (how
to display it). These all affect control Issues.

An important trend Is toward supervisory contro! (i.e., a
human talking o a computer and the computer controlling the
dynamlc vehicle, or manlpulator, or process). Here agaln are
Issues of command language and teleproprioception (or, what are
my limits In space, or how Is my remote arm positioned, or where
Is my manipulator relative to another object.) More general
issues Include levels of aufdmaflon, fallure detectlon an& iden-
tiflcation, isolation and recovery, and workload defini+lon.

If one conslders master-slave wlth force reflection as one
most deslirable capabllity, then we at MIT have run through
experiments from which numbers or some form of performance
quantification has been obtained. I|f we ook at the time it
takes to perform a task with any other direct manua! control
relative to a master-siave with force reflectlon, then we should

get numbers al! larger than 1. Such tasks as picking up toois or
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turning valves by uslng switches, produces numbers from 3 or 4 to
as high as 15 (the ratlo between switches to master-slave force
reflectlon). Joysticks are on the order of 5.

We began working with tIme-detay In the early 60s for NASA
to make predictions on how long It takes to perform simple tasks
as a function of the "lndex of difflculty™ (a log of fthe
~distances we had to move compared to the distance we had fto move
+o within=-much Iike an error tolerance) and the time delay.
From this It was revealed that one can make a very good
predictlion concern]ng how long It will take to perform a
particular task. Stamford Research Instltute carrled this
further by addlng to the tIme-delay experiments the concept of
"degrees of constralint.,® Thls showed that, as a functlion of
degrees of constraint, one obtalned Increasing completion times.
From this, and from work with varlous types of predicting devices
at MIT and elsewhere, the operator can compensate for the tIime
delay to some extent,

More recent research involved lookling at telemanipulation
over a very bandwidth=-constrained channel to view the obJect
undersea. By degrading the plxels from 128 x 128 and the gray-
scale from 4 bits and the frame rate, we addressed this question:
could one do manlpulatlive tasks using TV that became much worse.
Experiments were set up that, flrst, fralned the operators and
then permlitted them (once they reached a performance plateaul} to
conduct the various tasks under varying TV conditlons. |In one
instance, for example, we [ooked separately at performance as a
function of frames/second with pixeis and gray scales held

constant and, subsequentiy, varfied the other two parameters
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Independently as manlipulation tests were performed by the human
operator viewing the task over the degraded TV. (See: Ranadlve,
V. and T. B. Sherldan. 1981. Yideo Frame-rate, Resolution and
Grayscale Tradeoffs for Undersea Telemanlipulator Control. Proc.
of 1981 Annual Conference on Manual Control.)

Other work 1Involves the supervisory control of a
manipuiator, In which the baslic idea Is to Increase the
capabllitles of purely manual control systems +through computer
Interventlon, Thls work Is discussed by Yoerger, D. R. and T. B.
Sheridan. 1981. Development of a Supervisory Manlpulation System
for a Free-Swimming Submersible. Proc. IEEE Oceans '81, v. 2,
pp. 1170-1174. The reader Is referred there for detaflls.

Other questions In the man-machine area are belng studled,
these Include: 1) +the desirability of analog or symbollc
displays (l.e., spatial Isomorphism ys. alpha=-numeric); 2)
Internal models {(cognitlive models within the control scheme); and

3) appllication of optimization techniques.
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Acoustic Communication

Jerry Mackelburg and Stan Watson
Naval Ocean Systems Center

San Dlego, Caltfornla

An acoustic |ink developsed within the Ocean Technology
Department, Advanced Systems Dlvision, of NOSC, has successfully
demonstrated hlgh-speed telemetry of digltal data from ocean
depths of almost three miles. During tests In June 1981, the
acoustlic |ink telemetered continuous 4,800 blts/second digital
data from 15,000-foot depths.

During the tests held in the Pacliflc Ocean, 400 nautlcal
miles northwest of San Diego,.a near-bottom Instrumentation
package telemetered 10 milllon bits of pseudo-random digital data
to a surface platform with a total of 10 recelved errors, for an
average blt error rate of 1 x 10-8, These resuits were obtained
as the surface platform drifted from a position directiy over the
Instrumentation package to an offset angle greater than 45° from
the vertical. Under the same condltions, 2.6 million bits of
data were transmitted to the Instrumentation package at a data
rate of 1,200 bits/second, without a single error.

During a two-week crulse on the Paul Langevin I|ll, operated
on a contract wilth Tracor, Inc., testing commenced at 100 feet,
went to 4,000 feet at San Clemente Island, then went to deeper
waters for tests at 12,000 and, flnally, 15,000 feet. The obJec-
tive of the test was to verify the design of a2 hligh data rate
acoustlic link operable from depths of 2,000 to 20,000 feet. Thls

s the desfign depth of the free-swimming vehlcle belng developed

for the Navy's Advanced Unmanned Search System (AUSS) program,
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the acoustlc link will provide the sole communication [lInk
between the AUSS vehlicle and the surface.

In additlon to the digttal data, transmit+ted voice, pings,
cw tones and slow-scan television were also transmlitted during
the tests. All transmissions were at a transducer input power
level of 33 watts, and were between 8 and 14 kilohertz.

Data gathered during the tests indicate that the acoustlc
Iftnk will be operable to depths of 20,000 feet by Increasing the
power to approximately 60 watts.

The modulation technique used was dual independent sideband
with an injected pilot tone to provide for doppler correction.
Within each lndep;ndenf sideband, the pseudo-~random digital data
were transmltted using quad differential phase shift keying, and
slow-scan television data was transmitted using non-orthogonal
frequency shift keying.

The NOSC Benthlc Untethered Multipurpose Platform (BUMP) was
used throughout the tests as an acoustic source and receiver.
BUMP Is a pop=-up Instrumentation package welghing 1,000 pounds
and measurling 30" x 30" x 72", {+ Is launched from a surface
ship and sinks to the bottom for data transmission and reception,
After a predetermined time period on the bottom, or upon acoustlic
command, BUMP jettlsons enough ba!last to make Itself positively
buoyant with Its syntactic foam flotatlon and rises to the
surface for recovary.

The June tests culminated a flive-year ef fort begun by Dr,.
Alan Gordon of NOSC with IR/{ED fundling to determine |Imltations
on high data rate telemetry imposed by the near vertical

(approximgtely 0 to 45 degrees) acoustic channel. In addition teo
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AUSS, the link has a number of other potential applications,
Including selsmlc monitoring; dump site monitoring; control and
communlications for unmanned, untethered vehicles; submarlne

communfcations and surveillance.
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g%ﬁﬁngﬁ?ﬁgﬁggsand Dick Lord
Marine Systems Englneering Laboratory
University of New Hampshire

The Marine Systems Englneering Laboratory (MSEL) has
recently conducted studles of exIsting microprocessor systems +to
determline, as preclsely as possible, which devlices are superior
and what percentage of their capabillitles can be used In
underwater autonomous vehlcles. A comparison of various
mlcroprocessors Is shown in Table 1. These sallent features of
all systems must be addressed:

1) Tﬁe microprocessor itself and what is actual ly avallable

2) What memory Is avallable, and what will be avallable

3) What develiopment systems for microcomputer softwareare
avallable and, which of these are avallable for use.

Our choice, after pursulng this study, was the recently
developed Motorola 68000, One of the most desirable features of
this device Is that it has reached the stage where equipment fthat
will allow development of programs can be obt+alned. Also, the
hardware 1s available to support and malntaln 1+, MSEL's system
has been together for three months and the hardware has been
avallable for about six months,

Bubble memory is a reallty, but many questions remaln to be
resolved. Thls type of memory shows great promise for autonomous
vehicies, since It operates {lke a rellable floppy disk wlithout
moving parts. Although we now have a bubble memory recorder, all
the software has yet to be developed to permit full use of its
capabliities. Thls system should be In our vehicle (EAVE EAST)

within six-to-elght months. We have recently purchased a develop-
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ment system using FORTH, PASCAL and C from Empirlical Research.
I+ lg due for delivery in November,

A paper dellvered at OCEANS 81 that further expands on the
subjJect of the mlicroprocessor computer In the autonomous vehlicle
Is Included In the Appendix to this volume.

MSEL has partitioned its system Into mul+tlple processors to
ease the transition from earller developments Into the current
program. A second reason for this Is to communicate from, for
example, the CPU which runs the thrusters to the central command
CPU through a serial link. On occaslion some of the pleces end up
in different pressure vessels and commun[ca+lon between them
through a parallel! bus Is very costly. Our system [s made such
that consistant pieces are partitioned off, each having
sufficlent Intelligence to perform bounded tasks, for example, to
supply thrust commands and produce signals to activate the
motors. A faulty plece can be separated and debugged unt!l it Is
workling properly using a terminal or laboratory computer. We
wlll eventually define a communication CPU.

The navligation CPU [s presently a 6100, but much of the
Intelllgence In It will subsequently migrate to the 68000 by
changiné the hlerarchlical level of the data concepts that are
transferred from one CPU to the other,

We have recognlized that, as we get into more complex
programs, more Intellignce will be needed In the central CPU. We
have gone to a 16/32-machine for two reasons: 1) the ever-
Increasing complexIty of navigation and motion control equations

and 2) much of the mathematics can be done as singlie-prectsion
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arithmetic. After reviewling the processors avallabie we decided
on the 68000 owing to its followlng characterlstics:

32=-bit arithmetic In a 16=bit architecture
Similarities to PDP-11 archlitecture
Higher~level language concepts
Powerful exceptlion handling
Asynchronus bus timing
--multiple processor configurations
~-Interface wlth very low power memory

Features of the 68000 CPU which we employ Include the

following:

Direct addressing of 16 MBytes of memory

Eight 32-bit data reglsters

Nine 32-bit address registers

BYTE, Word, Long Word Opseration

32=btt Multiply/Dlivide

Mul +i1-Task Hardware .
Asynchronous Bus Structure (can use with CMOS)
Supports Higher-Level Constructs (Link/Unllnk)
Relatively Low Power

Multiple Manufacturers (5)

Whitesmith's C and PASCAL Avallable

MSEL's 68000 Deslign Goals

Stand-alone CPU/UART/monlitor card

Buffered Interrupt driven 1/0 on all ports
Identiflcation of all error exceptions

Full bus Implementation for future expansion
CMOS where possible to reduce power

The conflguration of the Command Computer System so far_
implemented in the vehicle Is shown in Figure 1.
Current Card Capabllities
68000 CPU
32K Byte CMOS RAM

Four port CMOS UART's
Appllcation: pressure, compass, temperature, batterles

Future Card Capablilitles
Power-down CMOS RAM card
Mul t1-port RAM

CCD camera frame grabber
Mass storage Interface
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Charles S. Draper Laboratorles Activitles
Bernard Murphy

Charles S. Draper Laboratorles

Cambridge, Massachusetts

Draper Labs has been workling In the remotely operated
vehicle field for the past year. Slnce we have had many years
experlence in design of manned vehicles for the Navy and NOAA, we
felt that by bringling together the many unique capablilities of
the Lab we might be able to provide an Insight Into solving some
of the problems of autonomous ROVs,

The program objective was to provide an alternatlive to
dIvers and tethered ROVs for tasks that do not require "hands on"
human control. One of the first steps was to gather and assess
avaliable research and development results worldwide. Several
other goals were to: 1) defline needed technologles for advanced
misslons where man cannot be present; 2} i{dentlfy technology gaps
btocking creation of such systems; and 3) generate design methods
and capabiilties.

Some of +he.readlly ldentlfiable needed technologlies were:
autonomous work vehlicles; long=~range high data density
communications; high accuracy homing methods; long-duration, high
denslty energy storage; navlgation, environmental sensors; and
supervisory control (periodfc updates on vehlicle status).

To approach this study we deflned a famlly of misslons that
taxed ROV technologies. In thls respect, we arbitrarily assligned
misslions, defined misslon scenarlos and power energy profiles,
and lald out vehicle confligurations. Although there were simple
soluttons to many of these problems, we forced our thinkling to

concentrate on alternative means.
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Efght missions were deflined:

1)  Short range, payload (500 Ibs) work mission
2) Area survey

3) Object recovery mission

4) Medium range, large objJect placement

5) Trenching

6) Hligh-speed decoy

7) Platform inspectlon

8) lInspection/retrleval at waste disposal sités

The varlous dlsclplines that go Into these designs Inciude
mlcroprocessors, energy/power, acoustl!cs, sensors, work
functions, vehlcle conflgurations, controls, hydrodynamlcs,
navigation and rellabiility. The outputs of the study were
designs for a varlety of dlfferent vehicles that included
preliminary vehicle speciflication, characteristics, equipment
ITst, work systems, and a report detailling the capablillties of
the vehlcle based on current state of technology wli+h concluslons
and recommendations. Deflnitlon of speciflic technoiogles and of
areas for possibie advances where Draper Labs could concentrate
thelr efforts were also addressed.

Critical technologles that came out of these studles were:
supervisory control acoustic communications (transmission delays,
multipath, high frequency attenuation problems), and navigation
and postitionling (to close with the work obJect). Several
potentlal solutions to these problem areas have been Identifled.

One, in particular, was to Include tactile sensors on a

manipufator to obtalin a high degree of positlional accuracy for

work systems,
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Control Systems

Damon Cummings

Charles S. Draper Laboratorles
Cambridge, Massachusetts

When dealling with vehicle deslign, we try to fit distances
and time Into some framework and derive a mlsslion scenario (the
way we wll| do certain tasks). For vehicies of 30 f+ (LOA) and
more, we speak of control wlthin 1 or 2 feet after whlich the
vehlcle's work system package takes over and provides control to
within Inches. WIthin the 1 cm to mm range, some type of device
{e.g., cone or Jig) must be arranged that can do the tasks
requiring these very fine motlons.

The general navigation sensors (surface-deployed) permit
work within the 100 m range; bottom-deployed transponders provide
tens of meters of range. Below thlis we move to an array of
transponders or employ visual slighting. For each Individual
program we must address the question: what will we use in the
various distance reglimes. (Figure 1). Thé same approach must be
used In tIme regimes. (Flgure 2),

When we set up the vehicle and its control system we have to
provide a synthestis of control, which uysually starts with a set
of equations describling the vehlcie, the degrees of freedom In
the general case and for the sensor and actuator dynamlics.

The state of the vehlcle in the verttcal and horfzontal
planes and !ts dynamic susbystems (sensors) are descrlibed by
state vectors x, components of whlich are;

Yertical Plane
A', Change of forward veloclity
W Veloclty of orfigin down In vehicle coordinates
e
z

Pitch rate, bow up Is positive
Pitch angle, bow up Is poslitlive

0 Depth of origin relative to desired depth

ao
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qs Pitch rate as measured by sensor

65 Pitch angle as measured by sensor
s Stern plane angle

Horlzontal Plang

Sway veloclity, positive to starboard

Yaw rate, positive clockwise looking down
Roll rate, positive clockwlise looklng forward
Roll angle, positive roll to starboard
Headling dlrection reiat!ve to desired heading
Measured roll rate from sensor

Measured roll angle from sensor
Rudder angle

e 0V 6 T ¥ <

T W

What we are looking for Is a contro! algori+hm that performs
the task we want, for example, accurate maneuvering or minimizling
power/energy. So, some welghting analysls must be performed to
determine what the vehlicle Is golng to be allowed to do; what
motions wfll be permitted; and how much effort wi!l| be put Into
controi.

EBroblems

1) Measurling derivatives--elther analyticalily or by
testing. The analytical approach can be accurate to within 10%
In some easy terms or by a factor of 3 In more complex terms.
For highest accuracy, we are forced to go wlth some form of
experImentation or testling.

2) Observabillty of unmeasured state varfables. Terms
within the equations of motion, such as sideways velocity, are
not normally avallable (e.g., sensors that can measure sldeways
veloclty).

3) Noise & sensors

4) Non=Il1lnear terms

5) Time history dependence owing to change of vehlcle's

environment (vortex shedding). At +t+Imes, the second order
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dfffgfénffél.eAugfibnhdescrfﬁ;IAn of the vehlcie bFeéks dowﬁ
because water Is not a perfect fluld. For example, I1ft on a
submarine sail also produces tralling vortices, such as In the
wake of. a propefler. Consequently, there Is a change In the
cperating enviranmenf. So, standard Naval architect formulations
are no longer applicable.

If the vehicle Is proceeding nearly stralght ahead, Ilnear
models are accurate. But the effects of the vortex system,
however, can be large. Linear models are particularly difficult
to Justify when the vehicle is hovering, mating, or working at
very low speeds. One example of the breakdown of thls approach
can be seen when a ml!lltary submarine 1s proceeding at constant
depth and speed, and the rudder is turned. |+ might turn out
that motlions in more than just the horlzontal plane result, the
submarine might also try to surface or to dlve. There are
coupling terms in the non-=|Ilnear equaf[ons of motion that relate
side veloclty and turning rate to pitch and heave forces. The
problem Is to measure these coefficlents and determlne what
hydrodynamlic mechanisms are causing this to happen. Such
measurements and determinations are possible and It can be shown
that, under certain conditions, there wlill be a net force exerted
downward on the deck owing to sall vortex Image and sldesl!lp
veloclty. The pitch and heave Inputs depend upon how far the
rudder was turned and for what duratlon, These forces are
Impossible to study in a towlng tank since there are no 3~
dimensional towing tanks available that permit generation of
forces owing to compllcated trajectorles. One solutlon to thlis

problem Is the Naval Control Systems Center's ASCOP which wil!
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permIt measurements of radical forces In 3-dImensions by using
the ocean Itself as a test tank.
The following equatlons of motion are taken from the work

accomplished at the Navel Ship Research and Development Center

(NSRDC) .,
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7.3.2 Control Input

The control vector U has component 6SC in the vertical plane where 5SC is
the commanded stern p1aqe angle. In the horizontal plane the component is S
the commanded rudder angle. These commanded angles are obtained by a matrix
multiplication U = GXx where G is a constant matrix of gains. The purpose of the
synthesis is to obtain optimum values of these gains in the horizontal and
vertical planes.

The control synthesis will be done by solving the optimal regulator problem.

The vehicle state equation is expressed in the form:

from a linearization of the equations of motion in the vertical and horizontal
planes. The object is to minimize a cost function representative of a combina-

tion of motion variables and control actuation of the form:

The diagonal matrices Q and R are set up to meet requirements for adequate
stability and control. The elements in the matrix Q weight the motions of the
corresponding variables in the state vector. The elements of the matrix R
weight motions of the control surfaces. The minimization solution leads to a

gain matrix G where:

U=6X%
This is a pure proportional control solution in the continuous time domain. It
is assumed that the control will be digitized and solved on an on-board micro-
computer for output to control devices such as stepper motors or a servomotor

with position feedback. This may be modelled by first order systems in the set
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of equations of motion. The dynamics of the sensors must also be included in
the set of equations of motion. The pendulum type sensors anticipated for roll
and pitch measurement can be modelled as second order systems in the equations
of motion relating actual to measured angles. Natural frequencies for these
sensors are about three Hertz which may be enough above vehicle eigenvalues to

eliminate these equations after testing the effects.

7.4. Linearized Equations of Motion

7.4.1 VYehicle Equations

The linearized equations of motion that will be used for control synthesis

are.

Vertical Plane

Surge: {(m - Xu)au - Xuau + mZG& =0

Heave: (m - Zw)w - (mu0 + Zq)q - Iwh - 29 q = Z5 85

H
=

§s

88

Pitch: mZzau - Mew - MWk + (Iy - Mg)q - M@ - Mg®

Horizontal Plane

Sway: {(m - YG)V - va - Yrr + (mU0 - Yr) r - mZGp = YSrdr

. - .,oo- -
Roll: -mZGv mZGr + (Ix Kp)p Kpp K¢

o L ]
Yaw: ~NGV - va + (IZ - N;)r - Nrr = Narﬁr

¢ = Ksrdr

In these equations standard Society of Naval Architects and Marine Engineers
notation is used. The constants in the equations represent the yehicle character-
istics:

m mass of vehicle with water in free flooding spaces
Xﬁ derivative of axial force with surge acceleration

Xu derivative of axial force with forward speed
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position of center of gravity below origin

derivative

of downward force with downward acceleration

equilibrium forward speed

derivative
derivative
derivative
derivative

derivative

of downward force with pitch rate

of downward force with downward velocity
of downward force with stern plane angle
of pitch moment with downward acceleration

of pitth moment with downward velocity

moment of inertia in pitch about origin

derivative

derivative

derivative
derivative
derivative
derivative
derivative
derivative
derivative

derivative

of pitch moment with pitch acceleration
of downward force with pitch acceleration
of pitch moment with pitch velocity

of pitch moment with pitch angle

of pitch moment with stern plane angle

of sway force with sway acceleration

of sway force with sway velocity

of sway force with yaw acceleration

of sway force with yaw rate

of sway force with rudder angle

roll moment of inertia

derivative
derivative
derivative
derivativé

derivative

‘derivative

yaw moment

of roll moment with roll acceleration
of roll moment with roll rate

of roll moment with roll angie

of roll moment with rudder angle

of yaw moment with sway acceleration
of yaw moment with sway velocity

of inertia about origin
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Nr  derivative of yaw moment with yaw acceleration
Nr  derivative of yaw moment with yaw rate
Ndr derivative of yaw moment with rudder angle

7.4.2 Control Surface Dynamics

The rudders and stabilizing fins are modelled by first order equations

added to the vehicle equations of motion. For example, in pitch:
55 + rfds = Gsc

where 8 is the position of the fin, e is the time constant of the control

actuator lag and 55c is the commanded fin position.

7.4.3 Sensor Dynamics

The roll and pitch sensors are modelled as damped pendulums and, for example,

the pitch sensor equation is:

2 _ 2.8
qg + deweqs W 8es =W B

where g is the measured pitch rate and 8 is measured pitch angle. &g and Wo
are the ddmping and natural frequency of the sensor. It is likely, as the de-
sign progresses, that these equations may be dropped and the actual pitch and
roll angles set equa1'to the méasured ones. However, this assumption cannot
be made initially.

The equations are presented in the following order: axial force, lateral’

force, normal force, rolling moment, pitching moment, and yawing moment. In

addition certain kinematic relations are given.
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AXIAL FORCE

mli - vr + wg - xg(a® + r%) +yg (pg - F) + zg (pr+ §)] =,
+ % 24[qu' Q° + Xpp! 2+ er' rp] |
+ % 23[)(&' u+ Xyp' VP + qu' wq]
+5 EZ[XUU' a Xoy' v+ X w?]
+5 2o [Xsr or or? + Xss o5 6s® + Xsb sb 8b°]
+ ;— pgz[ai ul + by uu, + ¢y ucz]
- (W -B) sins
+ ‘;‘ zz[xv\m' v+ an' Wl + Xsp &,n' arz o
* Xss ssn 552 w#1(n-1)
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LATERAL FORCE

m[\';-wp+ur-yG(r2+p2)+ZG(qr-15)+XG(qp+?“)]=

+ 20y P Ys' P ¥ Ypipy" PIPL + Yoot pa + ¥ ' ar]
A AR SURTI SRR
1
+'% 23[Yr' ur * ¥ptup + Y gt ufrfsre 4 Yolrl' ﬁrl("z * Wz)a [ri]
]
. % 22[Y*' 2+ v, v+ YVI_VI' v |(v2 + w2)§|]
+ % zZ[YVW' oY W’ 5r]
+ (W - B) cos 8 sin ¢
+ % 23 an' ur (n-1)
1
+ % R‘ZEYvn| uv + YV|V|nI v|(‘ur2 + wz)gl * Yopn' Sp u?](n-1)
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NORMAL FORCE

m{w - ug + vp]

= B. 4 1 R s '
t5e [Zq q + pr p- + er re o+ er rp]

E_3_|' 1 !
+ 58 [Zw W+ Zvr vr + va vp]

:
o 3ro , D W2, 22
) [Zq ug * Zyg s ulq|és + Zulq| TWT}|(V +w )"l |qgl]

2 2)'2"11

2 : '
7wt Zw[w| w(v® +w

2
+ %-1 [Z,' u
> 24 Vol 2 L 2\2
+ % L [Z!Wl ulw| + wa |w (v& +w")7|]

2 2 2 ]

22 1 1 !
+29V[ZVV v +Zas u (ss+Z5I3 u- §b

+ (W - B) cos & cos ¢

R 437 -
+ 54 an ug (n-1) |
P ,2r7 ' 2 2.2 tx 27 ( e
+ 52 [ZWn uw + Zwlwln w|(ve + W) + Zgg,'SsU 1(n-1)
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ROLLING MOMENT

. 2 _ 2
Lo+ (I, - L)ar{r+pq) L +(r" -q7)I

+m Ly, (W-uqg+vp)-z; (V-w+ur)]s=

£ 5 o PRI 1 i 1
+52 [Kp ptKe' r+ qu r + Koo' pa + Kplpl plp|]
<3 4 ] . 1 Y
t5e [Kp u + Kr ur + KV v]
4 1 ]
+50 [qu Ve * Kyt owe + K wr] .
1

+ % 13[K*' u? K, uv + K v|(v2 + w2)2|]

[}
viv|
E 3 1 | 2
t5 [KVw leKar u sr]
+ (yG W~ yg B) cos 6 cos ¢ - (sz - zBB) cos 8 sin ¢]
2

+%SL3K*'U n-1)
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PITCHING MOMENT

2

- 2 L
x - Ire-(prar) I+ (" -r) I, +{ap-r) I,

+m [z (U - vr + wg) - Xg (w - ug + vp)] =

-+

%gs[Mq' g+ Mgy’ PP M e 4 Map' TP+ Moo alal]
%-24[M®' Wk M v Mvp' vp]
i

5 At e+ Mg g wlalss ¢ 107 ¢ )P a)
%-23[M*' W@+ Mw; uw Mg (v + W2)§|]

1
%“3[M|w[' ulw] + M (v w21
% LS{MVV' v + Mo u? o5 + Mep' u? sb]

(xG W - xg B) cos 6 cos ¢ - (zG W - zg B) sin 8

g4y o -
bat Mt g (n-1) ]

2+ wd)?) + Mt s l(neT)

B 3 [ 1
5 2 [MWn uw + Mw|w|n w|(v
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YAWING MOMENT

2

. . 2 .
Lr+y,-Tapa-(a+rp) I+ (" -p7) I, +(rg-p) I,

+m [xg (V- wp + ur) - Ye (U - vr +wq)] =

P_s_t' o ' oA t
* 5 [Nr P+ Np pt+N_ "' pqg+ qu qr + err| rir|]

Pq
B 4 IR 1 ' 1
5L [Nv VRN et pr wp + qu vq]
1
T [Np up + N ur + N|r|6r ufr|ér + N|v|r [(v® + w™)%r]

+ 503N U N uv N v (V2 + wh)?|]

v|v[I

+

2 ,3ry y 2
5 & [va vw‘+ Nar u=sr)

+ (xG W - xBB) cos 8 sin ¢ + (yG W -yBB) sin 6

+ % o4 N ur (n-1)

+
rafo
=

[#%]
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=
<
=
<
<
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Deep QOcean Applications

VYictor Anderson
Marine Physical Laboratory
Scripps Institution of Oceanography
La Jolla, California

The Marine Physics Laboratory's (MPL) experlence to date has
been In the areas of cabled vehicles and manned submersibles; not
in the area of autonomous vehicles. However, aspects of these
cabled vehicles have relevance 1o autonomous vehlcles and,
perhaps, would be of value to those who are workling In the
unmanned, untethered vehicle fileld. Accordingliy, +thils
presentation will consist mainly of a descriptlion of these cabled
vehicles followed by a brief conjJecture as to possible
application In autonomous vehicles.
MPL!s Cabled Vehlgclas

MPL has worked wlth three vehlcles: DEEP TOW (a deepiy
towed fish); RUM (Remote Underwa+er Manipulator--a +tracked
vehlcle); and ADA (an acoustic detectlon array). More specific
characteristics of these vehicles and devices are given below.

DEEP JTOW. This vehlcle has been Iin exIstence for weli over
15 years and probably has more bottom t+ime than any vehicle In
Its class, The towling cable is an armored coax (RG8U,
essentlally) that transmits about one kw power down along with
mui+lplexe& down golng and upcoming teiemetring data., The maln
power consumption Is for the strobe light; the rest of the
electronics consume minimal power. Instrumentation and
attachments that have been and are used on DEEP TOW include the
following:
--upward lookling echo~sounder (for monitoring vehlcle depth);

--suspended particle flilter (to collect blologlical |ife above the
sea bottom);
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-~nephelometer (for |ight scattering measurements);
--obstacle avoldance sonar;

--dIfferentlal pressure gage (to control vehlcle height above the
bot+om);

-~downward looking echo-sounder (for high resolution topographic
profiling =29 beam width);

=~preclslon depth guage (for absolute pressure/depth);

==temperature guage (sea water);

--wide angle 35 mm cameras (for stereophotography);

-=magnetometer;

~=-sub=bottom profiler (4 kHz);

--transponder Interrogator (for navigation);

-~emergency transponder;

==current meter; .

--transponderrepeater(foroperating Iin very rugged terrain
where shadowing from the transponder occurs};

--blologlical sampling net {(multiple opening, used near=-bottom;

-=-water sampling system;

-=CTD system (Conductivity, Temperature, Depth measurements);

~~slow-scan TV;
==-sound velocimeter;
~~slde scan sonar.

Between 12 to 14 people standing round-the-clock watches are
necessary to operate and main+$ln the system. The vehicle Is
handled over the slde by a crane and has been operated In up to
sea state 6. The flsh dry welght Is on the order of 2,000 |bs.
The transponders used for navigation are normally suspended on a
string about 300 m off the bottom. This altlitude permits a
reasonablie range before near-bottom shadowing becomes a problem
and the mooring string is short enough so that shifting of the
transponder, owling to currents, is not a significant problem.
Upward of 12 transponders can be deployed, depending on the slze
of the area belng studled.

RUM. The system consists of a manned surface support buoy,
umbilical cable, and a bottom=-craw!ing vehlicle. A constant=-

tenslon, cable-accumulator system In the barge {(buoy) that

maintalns a constant |1ft+ force on the vehicle, whlch reduces its
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10 ton In-water welght to about 2 tons and, thereby, reduces the
possibility of its being burled in the sea floor.

Development of the RUM system began In 1958. The flrst
generation system worked out from shore on the end of a reel of
30,000 ft+ of cable which It carried with It. TV pictures and 10
kw of power were transmitted over the cable. The shorter
(10,000~Ft.} cable was used in the second generation buoyed RUM.
The track control system provided very good proportionate control
and would permit us to station the manlpujafor, using the
vehlcle's track propulsfon, withlin (/4 in. of the obJect to be
worked on.

The boom-mounted TV camera used was very successful, In that
it allowed us to obtaln different views of an objJect from varlous
aspects of up to 2 m distance from RUM, Operations were
conducted in sea states as high as 4 and 5.

Future Efforts

Qur present concept envislions a combination of DEEP TOW and
RUM capabllitles Into a vehicle that can be towed and |owered to
the bottom to maneuver about and perform manipuiative functlons.
I+ Is also deslgnéd for sitting and observing on the bottom feor
up to 10 hours or longer. The vehlcle wlill have caterpl!lar
track-I11ke propulslon-and will weligh about 500 kg In water and
about 200 kg In air., Its dimensions are about 2 x 2 1/2 m.
There wiil be an onboard accumulator which accommodates + 20 m of
cable and maintains a constant tenslon of about 50 kg. The
purpose of the accumulator Is to keep the cable taut when the
vehlcle Is on the bottom while decoupling the ship surge from

cabie forces from the vehicle. There will be two varlable=-pltch,
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counter-rotating thrusters at right angles to the cable mounted
on a common turret atop the vehlcle. Rotatable counterwelghts

will permIt adjusting for changes in the welght distributlon on

the vehicle and wlll also affect cable-induced overturning
moments,
The work to be conducted by thls new vehlicle will more or

less follow the work we have been dolng with DEEP TOW but wil|l
aliow more flexibility In our blologlcal studies. !n this latter
work, we will look Into planting resplration enciosures on the
sea floor and subsequent recovery; observing benthlc animal
activity; and other tasks which are locatfion intensive.

The control system will be bus-oriented with a master CPU
and slave CPUs In the command and sensor afeas to provide some
processing and data reduction. Serial data Iinks will be used to
couple the concentrated computer inside the pressure cage to the
exterior environment, The surface also will have a bus-oriented
display and data recording system.

Two problems are salient concerning the ship's watch circle:
1) how to accommodate ship's heave (producing a longltudinal
motion on the cable) and 2) to what extent we cab tolerate a
horlizontal vector on the cable. (Present assumptions are that
the vehicle will be working with from 4 - 5 km of cable.) AfY
five km, for example, a 50 kg force on the end of the cable will
permi+ about a 300 m watch clrclie with the ship. At one km, the
watch circle drops to 200 m (50 kg tenslion will be maintained on
the accumulator)., At 50 kg of force, we can tolerate 0.8 g cable

acceleratlon before we arrive at a zero force situatlion.
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AutonomousYehiclas In the Deep O¢ean: Attributes of DIfferent Vehicles

Table 1 presents the attributes of the varlous types of
vehlicles as they exist today. We can envision a number of very
Important and significant ways of employing autonomous vehicles
In connecttion with other vehicles. 1In the cases of autonomous
vehlcles, where power Is |Imited, and a tethered unmanned
vehlcle, there can be a mother/daughter refationshlp In which the
autonomous vehicle would provide more than one observation polnt

and could be recharged by the tethered vehicle [f necessary.
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Manned Subs

Communlicatlon vla
acoustic |link: satis-
factory

Life support required
Freedom of motion in
hazard free water

Energy budget IImit

Limited mlission time

Deep water ascent/
descent time=-
critical

Buoyancy limlted
payl oad

Diver required for
dead stick recovery

Rellable
High degree of
manipulation

Table 1
Yehicle Attributes

Jethered, Unmanned
Coaxlal cable or flber
optliecs: OK

No |Ife support
Entanglement potential

Power budget lImlt

Unlimited misslion +ime

Not critical

Cable lImlited payload

Fall-safe dead stick
recovery

Reliable
High degree of
maniputation

Autonomous

Acoustic |lnk:
restrictive

No IIfe support
Freedom of mo-
tlon, no human
safety hazard

Energy budget
IImit

Limited misslon
+ime

Critical

Buoyancy
limited pay-
| cad

Diver requlired
for dead stlck
recovery

??
No manlpul a=-
tion

Where a manned and a submersible autonomous vehicle work In

combinatlion there Is an Interdependence

In which mission tIme

should be designed to be compatible with both vehicles. The

types of work these comblinations can conduct

following:

Include the

Dump site observations (tethered and autonomous vehicle).

In thls mode,

tethered,

Selective placement of sensqrs,

bottomed vehicle and send

the autonomous vehlcle would

deploy an array of sensors.
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work from +the

Its data back t+o 1+,

the autonomous vehicle could



Fhotography (the autonomous vehicle providing various
supplemental lighting angles)
Antarcilg Krili Studies (durling Ice-~covered months)

Mater Studies Durlng Storms (physlcal oceanographic

measurements/observations)

These are a few potential tasks where autonomous vehicles show
slgnlficanf potentials, There are undoubtedly many other areas

for application that will be revealed as thls technclogy emerges

in the future.
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Sumpary of Tachnology Reylew (Navigation and Acousilc Communication)
Yictor Anderson

Marine Physical Laboratory

Scripps Institution of Oceanography

La Jolta, Californta
Navigation

The followlng Is a summa
Basellne acoustic transponder

oceans today.

short Basellne
(Range Bearing)
Number of Tran
single

BASE

Omnl Transmit

Directional Receiving Array
Time Threshold

Bearing Phase Measurements
Single Frequency

ERRORS (S/N

AR
= VZ2k({s/NIYZ2d

ry of the Short Baseline and Long

navigation systems in use in the

Long Basellne
(Range/Range}

sponders Requlred
three or more

STATION

Omni Transmit/Receiver

Time Threshold

Frequency Select

Dependence)

Cross Range oxR
Down Range oR =____C __
K{S/NYI/2W
Example f = 7 kHz; R =
oxR = {Om
gR =0.Im
AREA
Circle, Radius = Rpax

=2 e
K (S/N)1/2W
5 kM; W = 0,5 kHz; d = 2 m
og=0.2m
COVERAGE

Circle, Radlus Rmax

(3 transponder net)
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OTHER ERRORS
Short Basellne l Long Baseline
BIOLOGICAL NOISE AND MIMICKING

Preventlive steps against false travel times
--=-=Range Gatlng and Tracking—----
Arrival Angle ‘
tracking
Accept center fractile of tIme delay distribution

MULTIPATH (DEEP WATER}

Arrival Angle Evaluate alternate solu-
Identifles tfons wl+th Image trans-
path ponders for surface path

MULTi{PATH (SHALLOW WATER)

Arrivalangleldentiflcation Tracking of arrivals to
of path where tIme-separable. identlfy new order of
Ray trace Interpretation of thresholded multipath.
time delay ys. source Ray trace Interpretation
positlion (short pulses best) of time delays (will be

different for different
transponders; may require
more transonders).

SOUND VELOCITY PROFILE

Cross range error
from ray bendling

First order correction of time delays with average sound veloclty
Higher order or ray trace correctlion might be required for near-
surface refracted paths

SHADOW ING BY STRUCTURES
Time Jltter and masking aleviated wIth spatial diversity of
receivers

CURRENTS

Motlon of moored transponders -Icompu+e offset

Doppler time compression cancels to 1st order
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Acoustic Communicatlions -
Deep Qcean Yertlcal Path

Using directional transducers, <450 from the vertical
standard commercial modems and 11 kHz band center, 4
kHz band, 10 db S/N the following has been transmltted:
4800 bits per sacond from 15,000 feet with 1 x 10=3 b1+
error rate. Indlications are that thlis can be pushed to
9,600 bits on the same bandwidth.

Horizoptal Path

Short range; higher frequency permits using a broader
band

Severe multlpath can occur

Using m'ary FSK coding 40 bi+s/sec fransmlsslon were
achleved in shallow water

Spatlal selection of single path achleved 1800 bps
using 45-50 kHz at 6.6 k ft range

Parametr!c sonar has been used for high dlrectionallty
transmission to elIminate multipath (negligible slide-
iobes)
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Summary of Technology Review (Artificial Intelligence)
Robert Corell
Marine Systems Englneering Laboratory
University of New Hamsphlire

One of the more sallent observations regarding artiflicial
intellTgence (Al}, is that the major goal should be simply to use
computers as Intelligence ampliflers. Another way of
conceptuallzing It is: to provide Intelllgent asslistance.
Knowledge In the artiflictal Intelllgence community can be dlivided
into two types: symboiic and signal. To the engineer this would
be the difference between dliscrete and contlnuyous systems,
respectively. Carnegle-Mellon has developed the Harpy Speech
Recognition System which is capable of: handling a 1,000-word
vocabulary; recognlizing the volces, Inflections, etc., of 5 to 6
different Indlviduals, and can take sentence structures and
convert them back Into words. While this has no immediate
foreseeable appllication to autonomous vehlicles, [t does
demonstrate some of the concepts that are being converted from
theory in Al Into practical operating systems that can solve
artificial Intelllgence problems.

Five eslements of knowledge have been conceptualized, at

least in terms of approaching It from an Al polnt of view:

1) Ildentification: Identlfy the class of thing one is
working with to eliminate alternatives.

2) Acqulire knowledge about the subject.

3} Mechanisms for representing knowiedge (how does one
describe it: gray scales, end-by-end pixel!s, or other
methods?) .

4) Mechanisms for utillizing knowledge.

5) Mechanisms for discarding alternatives (explanations).
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Although the artiflicial Intellligence community has had a
difficult time in converting concepts Into reallty, there are a
number of areas where real-world appllca+{on has recently become
Increasingly apparent (e.g., vislon, pattern recognition In
photographs, speech recognition). These concepts and technliques
wiil Increasingly contribute to undersea activitlies.

Man-Machine Systems

One of the majJor questions In this area Is: where does man
fit Into the robotic system?

Direct Manual Contrgi: Commanding or Effecting~-where man
makes a consclious effort to make the system do something.

Information Feedback

Supervisory Copntral: |In essence, man somehow "talks" +o0 a
computer system and the computer exerclses control. Within this
process there |Is a wlde range of denslity of man's fnvolvemenf In
this process.

Jelapropriaception: Where 's my alter ego or where is my
vehlcle?

Levels of Automation: Where In the full spectrum, do we
want our systems to operate? This should be & consclous declslon
rather than a decigion that is 2 product of the fact that we have
sophlsticated mlicroprocessors, sensors, and effectors that can
perform varlous tasks. This decision can range from total
automation to a falr degree of human Involvement. Man's Involve-
ment or lack of Involvement in the system should be declded In a

careful, cautfous, and deliberate way.
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Psychoghyslolagical lssues: One aspect of this lnvolves
task times invovliing different types of manlipulators and

different display formats with manipulators.

Major Areas of Technology Requlring Research or lmprovement:
The féllowlng ITst Ildentlfles those areas of autonomous vehicle
technology where additlonal research and development 1Is
Indicated. I|tems that are underilined were felt, by conference
participants, to be the most critlcal to future vehlicle
performance.

Yehlcle dynamics
Vehicle control
Image processing

Artificial Intelligenca

Communications
Microprocessors
Misslon analysls/work systems
Energy (vehlcle power sources)

Data sources/sinks
Support systems

(fault tolerance)
Materlals
Cost/profitabillty/data
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Research and Development Program, Conservation Division,
U.3. Geological Survey

Jdohn B. Gregory

Conservation Dlvislon

U.S. Geological Survey

Reston, Virglinla

The U.S5. Geologlcal Survey is the nation's earth sclences
agency. |t was established by an Act of Congress In 1879 and
charged with the responsibility for classiflcation of the publlc
lands, and examlnation of the geologlical structure, mineral
resources, and produc+s of the natlional domain.

Since 1926, the Geological Survey has been responsible for
the supervision of oll and gas and mining operatlons authorlzed
under leases on Federal land. More recently, petroleum
explorafion‘on the OQuter Contental Shelf (0CS) expanded the
Survey's responsiblliities. WIith the passage of the 0CS Lands Act
of 1953, the Survey was assigned the responsibility for assuring
safe, pollution~free oll and gas operatlons on the 0CS.

As a result of recommendations several years ago from the
Natifonal Academy of Sclences, the University of Oklahoma, and the
National Aeronautics and Space AdmlInistration (NASA), +the
Geologlcal Survey has embarked upon a program of research and
development to provide the technoiogical Insigh*s needed for Its
regulatory operations offshore--operatlions that provide
assurances to the pubiic for safety and for the preventlon of
pollution in ofl and gas drilling and production. These clear
objectlves are, therefore, those of the research program, not the
economlics of operations, which are of concern to Industry.

The Program is a contract research program and Is an

integral part of the Conservation Division. I+ Is a focal polnt
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for deriving possible solutions from the university communlty,
private Industry, and the Federail laboratory system for
ldentified offshore operational problems. This vast
Interdisciplinary bbdy of science and technology provides the
kind of research néeded by the Division In its Outer Contlinental
Shelf (OCS) operatlons which Involve such problematic areas as
structural dynamics, fluid flow, and geotechnclogy.

For purposes of management, the Program Is divided into
three generlc categorles~-~structures and pipellines verlfication;
well control, or the preventlon of blowouts and consequent flres;
and the effects on the environment from OCS operations.

With regard to offshore structures, In the fall of 1979 the
Geologlcal Survey establlished within the Conservation Divislion a
Platform Verificatlion Sectlon whose task is to admlinister a
program of offshore structures veriflicatlon. Thls program was
recommended by the Marline Board of the National Academy of
Engineering in a 1977 report, "Verificatlion of Fixed Offshore 01l
and Gas Platforms.®™ Since that tIime, the Survey, wilith the
Board's guidance, has been devising requlirements for the design
and initlai Inspectlon of new fixed and bottom-founded platforms.
These structures conslist of all the new OCS platforms +to be
erected outslide the Gulf of Mexlco (lnciuding gravel and ice
lslands}, new structures within the Gulf to be located In water
depths greater +han 400 feet, structures whose natural
fundamental perlods exceeds 3 seconds, those to be located on an
unstable bottom, or those of unique design. The Survey's

requirements are detailed In the publlcation, "Requlrements for
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Verifylng the Structural Integrity of 0CS Platforms," October,
1979.

Though initfal Inspectlions are required after platform
fnstallations are completed, at present no decislons have been
made by the government on requirements for subsequent perfodic
inspections. North Sea experience, however, Indlicates that for
some of the above~mentioned situatlions, mandatory underwater
inspectlons of some type will be quite likely. Even if not
required, the Survey needs an understanding of the latest+
technoiogies for such factors as deslign, Inspection, remote
monitoring, and the determination of fallure probabillties.

With regard to pipelines, the Geologlical Survey s baslcally
responsible for assuring the Iintegrity of about 25 percent of the
lines (most!y gathering IInes) on the 0CS. The remalnder are
under the Jurisdiction of the Department of Transportation.
Although the Federal Government does not requlire underwater
Inspection, it must keep abreast of new technoliogles for
detecting leakage and other plpellne Irregularities; the
regulatory agencies need to be Informed and to malntaln a certaln
level of proficiency.

Several basic technologies, Involving varlous combinations
of Instruments, submers]bles, technictans, and dlvers, are
presently used by industry to verify the Integrity of offshore
platforms and pipelines. When viewing advancements In technology
over recent years In thls fleld, as we!l as for other ocean
englneerling applications, no single inspectlon procedure has
sufflced. Instead, the basic methods now In use probably will be

improved and will be used for years to come. As evidenced by
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NASA's space ventures, both manned and unmanned systems have
their places because of the complementary advantages they provide.

From accumulated experiences, however, the use of divers In
relatively deep, harsh envlronmen+s such as the North Sea Is not
only very expensive, but also duife dangerous. These factors
suggest a thorough search for alternatlive means of Inspection.
Severa| years ago, the results of such a search might not have
been encouraglng, but from time to time key breakthroughs occur
to cause feéhnologlcal advances that dramatical ly change the ways
people do things; the Jet englne and transl!stor are examples. At
the heart of the very latest advance Is the microprocessor. When
combined with several other relatively new developments, such as
|large~scale Integrated circults, high energy-density batteries,
and optlical flber signal transmisslon, it allows technologlsts to
serfously explore the fileld of robotlics. To replace man
underwater by a2 supervised robot or an almost autonomous vehlcle
that could navigate, Inspect, perform useful services, and
communicate would be qulte innovative. This technology Is under
development by the Research Program In a project Ealled EAVE,
Experimental Autonomous Vehlcles.

EAVE makes use of testbed vehlcles fabricated by the
University of New Hampshire (EAVE East) and the Naval Ocean
Systems Center (EAVE West). The project is a collaborative
effort between these organizations. At the Naval Ocean Systems
Cenfér an open~frame torpedo-Illke submersible, has been
constructed as a testbed to study magnetic navigation and optical
fiber communications, This vehlicle Is powered by lead-acld

batteries which, together with electronics, are located in the
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four canisters within the vertlical frame. Twin propellers
located aft, and a vertical propeller amld-ships, between
syntactic foam buoyancy blocks, provide propulsion for the
vehicle. A second testbed, thls one roundish and able to propel
ttself In any direction, [s belng developed by the Unliverslity of
New Hampshire where work is being conducted on acoustlics for both
navigation and communicatlions. Thls testbed has +win electrical
thrusters on three orthogonal axes and Is controlled by
electronlic equipment located In pressure cases mounted on the
frame. Just below that frame Is a ring upon which, for purposes
of navigation, 12 equally spaced acoustic sensors are mounted.
At the very top are two buoyancy cy!inders.

For more Information on the EAVE projJect or on the projects
of the Research and Development Program, write fto the U.S.
Geologlcal Survey, 620 National Center, Reston, VA 22092 for

Technical Report 1981, Open File Report 81-704.
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OTHER SPEAKERS

The particlpants |isted below spoke on the toplcs which
appear under their name. Unfortunately, no record or text was
avaflable for publication.

Raj Reddy, Carnegie-Mellon Unlversity
Artificial Intelligence

Dale Chayes, Lamont Doherty Geological Observatory of
Columbia

Deep Water Search for the Titanic -~ Limltations of
Tethered Vehicles, Advantages of Autonomous Systems

Commander Van Nelld, Defense Mapping Agency
Under [ce Hydrography

lan Morris, Universlty of Maryland
Ocean Sclence
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BENTHIC 4800 BITS/S ACQUSTIC TELEMETRY

G. R. MACKELBURG, S. J. WATSON and A. GORDON

OCEAN TECHNQLOGY DEPARTMENT
NAVAL OCEAN SYSTEMS CENTER
San Diego, Califernia 92152

In June, 1981, continuous 4800 bits/s
digital data was acoustically telemetered in
15,000-foot deep water from a near-bottom
instrumentation package to a surface platform.
As the platform drifted from overhead to an
offset angle greatcr than 45° from the vertical,
over 1.0 x 10’ bits of pseudo-random digiral
data were transmitted with a total of 10
received errors, yielding an average bit error
rate of 1 x 107®, For the same experimental
conditions 2.6 x 10% bits of 1200 bits/s data
were transmitted downward without making a
single error.

In addition to the digital data, voice,
pings, tones and slow-scan television were
transmitted. All transmissions were at a
transducer input power level of 33 Watts and
were between 8 and 14 kilohertz. The
modulation technique used was dual independent
sideband with an injected pilot tone to provide
for doppler correctien. Within each independent
sideband, the pseudo-random digital data was
transmitted using quad differential phase
shift keying and slow-scan television data was
transmitted using non-orthogonal frequency
shift keying.

These results are the culmination of a
S-year effort to determine the limitations on
high data rate telemetry imposed by the near
vertical (~0%-45%) acoustic channel. The pop-
up instrumentation package BUMP (Benthic
Untethered Multipurpose Platform) was used
throughout these tests as an acoustic source
and receiver. The main features of this
package and accomplishments of earlier tests
will be discussed along with the aforementioned
results.

Reprinted, with permission, from OCEANS '81 Conference Record,

September 16-18, 1981, Boston, MA, Vols. 1 & 2.

72



-

© 1981 IEEE. Reprinted, with permission, from OCEANS '8] Conference

Record,

September 16-18, 1981, Boston, MA, V3ls. 1l & 2.

COMPUTER SYSTEMS FOR AUTONOMOUS VEH ICLES

D.

Rlchard Bildberg

Marine Systems Englneering Laboratory

University of New Hampshire

ABSTRACT

The advent of the mlcroprocessor has
permitted a substantlal amount of
computling power to be pltaced In ynderwater
automata for Inspections, work, and other
tasks under condl!tlons where tethers are
not deslrable. Hardware costs are low and
power consumptlon minlimal,

This paper examines the Impact of the
microprocessor computer on the autonomous
vehlcle. The trend toward dlstributed
processing, and the Increasing memory
slze, and the consequent Impact on misslon
capabllitles, communlication, navigation
and control are revlewed.

Software deslgn gquldes the
relilabltlty and effectiveness of the
hardware, and demands a major partlion of
development effort. Progress 1In wuser
orlented |languages, software system
deslign, and in flexIbililty between system
elements Is described.

Ocean technology Is going through a
revolution wlth the advent of the
microcomputer. The ablllty to apply
powerfui{ computers and their processing
capabllities at minimal cost presents an
opportunlity to address far more
complicated problems than ever could be
attempted before. The probiems of ocean
sclence and englheering are no exceptlon.

Evolutlion of man [n the sea has
resulted In a new class of complicatad
problems which truly challenge our
ablilltles to dellver. As oll exploration
concerns [tself with deeper water and the
ocean sclentist wlth developlng a more
complete understanding of deep ocean
processes, the need arlises to place a new
class of automata In the ocean to do man's
wark.

Underwater work systems uslng divers
and/or one-atmosphere manned submersibles
have been, and contlnue to be,
Indispensable In performling misslons wlth
requlirements dictating thelr use,
These systems, however, carry the burden
of high capltal and operating costs, low
paylaods, and the necessity of malntalnling
and protecting human |lfe.
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Unmanned, tethered submersibles have
accumulated an Impressive racord In
performlng numercus underwater mlssions.
Thelr drawback s the tether cable which

cavses cable dragqg, dsespth IlImlitations,
restricted maneuverabl!llty, danger of
entanglement and slignilflcant cabla-

handling complexitles whilch Increase both
capltal and operatling costs.

For more than a decade the unmanned
untethered submersible has been used as a
toel for underwater work. Imcreastingly
this work has taken advantage of the
developments Tn mlcrocomputer technology
to help solve the problems of ellmlnating
or at least minlimizing man from +thse
vehlicle system.

The EAYE-East program at the Marlne
Systems Englneering lLaberatory (MSEL) has
been tasked to address the needs of
underwater Inspection. The evolutlon of
the system and [ts ablilty to address morae
complex tasks has baen tiled directly to
Its on-board mlcrocomputer system and the
computational capabitlties which result.
A brief summary of thls evolution at MSEL
typlfles the mlicrocomputer impact on the
development of an unmanned untethered
vehlcle system. EAYE-East's orlgfnal
mlsslon, that of followlng an exposed
underwvater plpellne, was addressed wlth a
single IM-6100 microcomputer system. The
addltlon of a Motorola 68000
mlcroprocessor controlling three 6100
based mlcrocomputars allowed the vehicle
to address the much more compllicated
mission of navigating ftself through an
undersea structure In order to perform

Inspection tasks. Current development
efforts to I[ncorporate high leavel
languages {(Pascal, "C") wilthln +the
computer system wll] allow the application
of very complex algorithms and Increase
the con-board Intelllgence. Each Increase
In the machline Intellligence lessens the

Ianvoivement and permits
a truly

necessary operator
more closely the attalnment of
autonomous submersible vehicle.
It Is Important to recognize the
difference between Intelligent systems and
controlled systems. Many appllications of
microcomputers to ocean systems may be

classiffed as controllers, il.e., systems

which step through a toglcal sequence of

defined steps to perform a function. The
A-2
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sequence of events may be modlfled by
sensor Inputs but these Inputs are
deterministle In nature and the system
response to these Inputs has been

previcus|y deflined. A truly autonomous
system, on the other hand, fs deflned as a
system capable of sensing, thinkling, and
acting. It can sense external or
Internal phenomlna, make declisfons which
are based on thls Informatlon and execute

the approprlate actlon bdased on those
daclslons,
Al though the final goal 1s to develop

an uynmanned untethered vehlcle system
whlch Is truly autonomous and does not
requlre any human Interactlon, It is much
more reasonable, for the near future, to
understand the Impact of mlcrocomputers on
the technologles requlred faor a seml-
autonomous system.

A Symposlium on Unmanned, Untethered

Submersible Technology held at the
Unlversity of MNew Hampshire In |980
coneldered several technology areas which

Impacted greatly on the development of
unmanned untethered vehlcles. Thelr
discusslon Isclated the 10 technologles
ilsted In Table 2, Ot these, slx rely
heavlly on the computational power whlich
s part of the vehlcle system. The
following paragraphs summarlze the Impact
ot the microprocessor on those slx areas.
Control/Vehlicle Dynamles

One of the basic needs of current
autonomous vehlicle systems s the need for
a well deflned control! strategy and the
requlred computational capablllity, on-

board, to Impliment the necessary control
equatlions, The control techdology |is
avallable and can be applled teo the

vehlcle problem, however, the resulting
algorlthms place such high demands on the
on-~-board processor that a simplifled
solutlon has usually been Impllimented.

The vehicle must respond fo sensor
Inputs possessing random components that
atfects preclslon, as well as average
level changes that affect accuracy. The
computer must then apply advanced
flltering techniques to generate a2 fully
valld set of Input commands from what Is
essentlally Its nolsy unlverse. The
control system must then respond to the
commands with a full understanding of the
constraints of the vehlcle 1tself.

Inl+lal EAYE-East vehicle control,
due to Ilimltatlon on the computational
capabllltles, used a simple single

dimension open loop contfrol algorlthm,
W!th +the addltlon of the 68000
microcomputer, a two-dimenslonal control
system addressed the problem of traversing
a simple undersea structure. Current wor!
Is taklng advantage of the on=-board
computatliona! power to Impliment a control
strategy whlch accounts for non-Illnear
control and real vehlcle dynamlcs to allow
the vehlicle to respond In up to flve
degrees of freedom, each of which may be
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cross~coupled. The control problem Is a
tractable one with a competent computer,
and s one that may not be Ignored If
efflclent operatlon In critica
environments:.1s to be attempted. :
Communlcation

Communicatlion with an unmanned,
untethered submersible Is most
reallstlically addressed through +the use of
acoustlic telemetry. The channel Involved
s notorlously bad.

Initlal desligns used mlcrocomputers
to control the transmitter and recelver

hardware, l.e.; start the +transmilt
sequence; adJust recelver galin; storae
results., Further efforts led to highly

controlled acoustlec hardware whlch was
adapt!ive to channel characterlstlcs and
the Inctusion of error detecting and

correctling to Improve data rellabillty,

however, the effective data bandwidth
st11l remains smatl, Current efforts are
now taklng advantage of large fast

memorles and more complex algorlthms to
extract information from the acqulired data
and transmit only the informatlon Impllclt
In the data, thereby decreasing +the
bandwldth requlrements. An example of the

difticultles may be seen 1f {t 1s required
to present video data of mlnimal
resclution (256 x 256) to & remote
operator while usling an acoustlc llnk. A

quantlty of over 4 mllllon blts of data
would have to be compressed more +than
three orders of magnlitude to pass through

the channel. The sclution of such
problems, however, can now be considered
If the deslgner can wunderstand and

effectively use avallable mlcrocomputer
precessling capabillty, to extract +the

essenttal Informatlon from the data
stream.
Navigatlon Is one of the most

Important functlons of an autonomous
system. It Is also unique In that I+ must
usually acqulire data from multiple sources
to form a rellable coordinate estimate.
Once acqulred, the data must be flltered,
Judged for accuracy, and combined with the

navligatleon algorithms to develop a
pesltion fix, Thls process, though
relatively well deflned, becomes very
complex when the means for perlodlc
Intelllgent contrel are not readliy
avajlable from an operator.

Microcomputer-based systems are weall
conflgured for systems which requlire
perlodtic access to sensor data.
Advantages resutt when the on-board memory
Is used to develop history or probalistlc
understanding of the lncoming data,
Further beneflts resuit+ when the on-board
memory is used to store a mapplng of the
area, or volume, of Interest which can be
referenced at mission +tIme. Future
efforts may well take advantage of video
or acoustlc Images and process the data In
those Ilmages to obtaln necessary three
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navigation data.

Machlne

The dec!slon makling process requlres
that the machine declde from avallable
Informatlion what action It must take to
accompllsh Its task. That Informatlion Is
elther preprogrammed In an on-board
database or acqulred from on-board sensors
or, more properly, both, This process
requlires application of the technliques
belng addressed In the area of artlficlal
Intelllgance and consumes prodiglous
amounts of memory and computational power.
¥With the advances In m2mory speed and
computatlonal capabillitlies It Is now
possible to apply some of thls work to
autcnomous vehlcle development ef forts,
Manlpulations/Work Systems

The appitcation of manlpulators or
work systems to unmanned untetherad
vehicle systems place large demands on not
only the computatlional power, but also the

dimenslonal

memory size and software system
flexiblll+y. The added control problem
Impacts greatly on the orfiglnal control

strategy of the platform and compllcates
an already complex control algorithm,

Although Initial mlissions Involve
only passive Inspectfon mlisslons,
currently work Is underway to examlne
sIlmple actlve work tasks leadling to

control of on-board
As microprocessor speed and
power lncreases, and slze and power
constraints shrink, it will! be possible to
consider the appllicatlion of the work which
has been done wlth terrestlial robots to
vnderwater automatons.
Sensors
Currently unmanned vuntethered
submersibles are unlquely sulted *to
Inspection tasks where they can act as 2
platform for various Inspectlion sensors.
Capable sensors which w!li gather data to
accompilsh speclfic tasks require a high
tevel of control when they are used
wlthout the supervislion of +tralned
operators. This control must be provided
by the vehicle system. A broad range of
sensors wlll requlre varylng degrees of
computattitonal capablllty from &
temperature measurement to a CCD camera
which can make video date avallable to the
processing capabllitles of the vehlcle
system and the results used as Input for
future decisicn maklng algorlithms, 1t Is
clear, however, that Inspection needs
become greater and sensors more complex, a

supervisory
manlpulators.

large burden 1s placed on the vehlcle
system +o¢ provide more and more
Tntelllgent control of the required
sensor.

Mlcrocomputer System

To further understand the Impact of
microcomputers to the above technology
look at the

areas, It s necessary to
advances whlch have been made In
Integrated clreult technoiogy. The

Into three areas

advances can be grouped
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each of which allow solutlons to be
developed whlch could not have been
conslidered in the past: 1)
Microprocessors 2) Memory Systems 3)

Software Systems,

. The wide range of mlicroprocessors
avalfable at low cost offer great
flexIbillty In deslign of ocean systems.
They range from | bit controllers to the

newer |6 blt devices which rival some of
the currently used malnframe computer
systems, The speed and power of thelr

Instructlon sets allow the solutlon of
complex equations which are required for

system confrol strategles and demanding
sensor processing or calibration tasks.

As an example the Motorola 68000
mlicroporcessor may be compared favorably
with Diglital Equlipment's DEC POP 11/40

(Table 1) which is currently used for
many of these computational tasks. This
capablilty opens +the door to the
posslblilitles for addressing the more

Involved problems assoc!ated with unmanned
untethered vehlcle systems. Even more
power Is avallable through the use of &
dlstributed processing architecture that
uses many processors In a single vehlicle
computer system., This architecture allows

modular development where each module
performs a sfingle functflon within the
system. An example mlight be a separate

navigation mlcrocomputer system, whlch
handles all of the data acquisition tasks
and processling requlired to generate an
accurate poslitlon, Thl!s position Is then
avallable for +the vehlclie systenm
components, DIstributed processing Is a
well recognlzed archlitecture, however, it
has a unlque advantage for an underwater
system since It allows a self-contalned
system {(pressure case) to be connected +o
other system components through a simple 3
wire physlical connectlon,

I+ would be shortsighted to belfeve
that computational power alone Is
suffliclant. The memory system has great
demands placed on It. The memory system
requlred for an unmanned untethered
vehlcle system may be divided Into three
classes |) maln memory to contaln program
ITnstuctlons 2} fast auxlllary memory for
Intermedlate access by the microprocessor
for varlous tasks 3) flIxed-medla mass
storage for longer term non-volatile
storage. With the Ilnevitable use of high
level languages the memory system must be
large. The advances In memory technology,
however, have lowered the price, slze, and
power fo a polint where very large maln
memorles and fast read-wrlite memorles are
qulte practlical. The cost of storing one
bit of Informatlon has been reduced by 98%
In 10 years to less than .03 cents. These
developments have also provided solutlons
to rellable, iow power, fast access
storage through the use of magnetic bubble
technology. The availabillty of large
memories now allow the Implementation of
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Yarge, memory intenslve programs such as
those developed by researchers 1In
artlflctal Intelligence. Thelr algorithms
demand great quantlitles of avallable
memory whlch can be accessed raplidly.
These same large memorles allow for the
storing of necessary Information to make
an autonomous vehlcle adaptive to new or
modlfied mlsslon tasks.

The software system development may
indeed be the newest challenge to the
ocean englneer. Many of the more
demanding problems which arlse durling
system development, surface wlithin the
software system. The cost of saftware
development 1s great, however, much effort
is being addressed to Increase the
productlvity of the programmer. The use
of hligh level language and modular
programmlng technlques can do a great dea
to minimlze the software burden. The
ablllty to Impliment these high level
languages within the on-bocard computer
system offers a high powered tool for the
solutlon of complex problems. |1t Is now
posslble to use a language which Is
designed to meet a speclflc need. Pascal
may Indeed be best for one mlission, but
LISP may best be used when deallng wifth
others. This flexibiilty offers great
advantage to the development efforts of
autonomous vehlicle systems.

Along with the avallabllity of hlgh
level languages are the advances In the
development of hardware alds which support
software development, This equlipment
tacltltates the development and debugging
of software as wel} as the debugglng of
hardware through In clrcult emulation.
The avallabllity of multluser develoment
systems to perform these functions alds
the deslgn process greatly.

Performance

The advancaes In mlcrocomputer
technology whlch now offer such
flexIbllity and opportunity in the
sofutlon of the many problems fo be
addressed In the development of autonomous
vehlcle systems are continuing. Many new
idess are leadlng to even more exclting
tools which willl be avallable to the ocean
engineer.

The demands for Increased performance
In many applicatlion areas Is forcling the
development of computers which wiil notft\be
limited to the sequential operation of the
von Neumann architecture. Computers with
unconventional archltectures - parallel
processing, plipellning, relational data
base management and multllevel redundancy
- are belng developed. With the
avallabil Ity of thls computational power,
1t Is possiblie to conslder sensors which
requlre real-tIme Image processling,
complex slgnal processling, and extended
missions with goal orlented tasks. One of

the most prominent examples of
architectural evolutlon In microcomputers
{s the lntel [APX432. The hardware and
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the cperatlng system are deslgned to mesh

with a high level appllication language
(ADA). The archltecture 1s object-
oriented and the |6 mlllion memory b!ocks

provide ample space for the obJects. The
432 architecture ls desligned such that
multlple processors can be added or
eliminated wlthout software modlflication
as system needs expand or contract. This
archltecture comblines the hardware, I+s
cparatling system, and the high level
language 1t supports as an archltectural
unlt thereby helplng to ellminate many of
the tedlous deslgn chores which must now
be faced during system design.

These advances offer the tools whlch
can be appliled to the development of a
truly autonomous wundersea robot.
Autonomous vehfcle systems must draw
heavily on this work as mlsslons grow more
complex and coperator Interaction further
eliminated.

In summary, It must be stated that
boundartes do exlst which restrict the use
of microcomputer based systems. The
tearning process which results from a good

understandlng of any specltic
microprocessor and I+s support chlps Is a
long and costly one. With this

understanding, It 1s obvlously wrong to

use a new and dlfferent mlcroprocessor
wlth each new appllicatlion, Simlilarly
software capabiilty results only when

programmers are at a polnt qulite high on
the learnling curve wlth a speclflic
language. I+ Is benefliclal to commif
deslgn groups to speclfic hardwarse and
software and develop wunlversal pleces
whlch have been weil documented and
debugged. Thls allows the develoment of
libraries of software subroutines and
hardware components whlch ca¥® be
conflgured to solve speclflc deslgn
problems.

Even wlth these restrictlons the
microcomputer is now, and will contlnue to

be, the most excltling and powerful design
too]l avaltable for the solutlon of
problems to be addressed In the

development of autoncmous free—-swimmling
submersibles.



TABLE 1
COMPARISON OF 68000 TO SOME OTHMER PAOCESSORS

¢3000 POP_11/40 Ls1-11 [ 1117 100 (ror-¥})
Dirset Hemary Space 16 MByts ESKByce §S5Kbyte 1 MByce 4X x 12
CPU Registers 17 - 31 bit 7 = 1% bie 7 = 16 bit 17 - 16 biv 1 = l2bit
L]
Hardware MPY/Divide algneds signed signed signed/ no
unsigned unsighed
32 Bit Arithmetic yes na - no ao no
Addresiing Hodea 12 12 12 ] 3
Stack Orientad you yas yee yea no
Fxecutlion Time & Iz
R to R xmova e.5u8 0.3 1. %ue O.dpm 2.5u8
Hemory to A 1.3.8 2.15es 7.0un 2,08 2.5
Indirect 1.0us 1.08un % 1.6un 3.135:8
Indexed l.5un 1,50ua 4.%un 4.0um
CFU Fower 1.2w 19% 1.2w L0In
TABLE 2

UNMANNED UNTETHERED TECHNOLOGY DEVELOPMENT AREAS

Control/Vehicle dynamics
Communication

Navigation

Artificial/Machine Intelligence
Sensors Control and Data Acguisition
Manipulators/Work Systems

Energy Storage

ASSOQOCIATED MICROELECTRONIC DEVELOPMENT AREAS
Microcomputer Systems

Digital Signal Processing
Data Base Management
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GENERAL PURPOSE DIGITAL SIMULATION OF UNDERWATER VEHMICLES

Homayocon Kazerooni
Thomas B. Sheridan

MAN-MACHINE SYSTEM LABORATORY
DEPARTMENT OF MECHANICAL ENGINEERING
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBR1DGE, MASSACHUSETTS 02139

The position of the vehicle can be
specified by reference to the axis O0XYZ
{on the surface of the water), and to

use the rectangular coordinates
ABSTRACT Xe,Ye, Zc. the usual approach for
orientation of the vehicle is to start
This paper is a summary of a real With cxyz parallel to OXYZ and bring the
time simulation of a remotely-manned vehicle from this reference orientation
underwater vehicle control system in the to its actual one by:
Man-Machine System Laboratory at MIT. &A 1) a " swing " around z axis, v .
non-linear model which is  able to 2) a " tilt " around yaxis, g
simulate the tight maneuvering of the 3) a " heel " around x axis, ¢ .
vehicle is presented. This paper also Therefore, the vehicle may be located in
categorizes various automatic control space by:
tasks of the vehicle . A) Three position coordinates Xe,Ye, ZC.
B) Three angular coordinates ¢ ., 3 and
INTRODUCTION Y

From Newton's law,
Because of the ocean's natural

resources, recently much engineering
attention has been focused on underwater Tx-DRx-B*SIN(9) M*[utqrtw-r*v-
technology. This has included the XS*(Q**2+r**2)+YS*(P*q~P)+Zg*(p*r+q)]
design and development of a series of
remotely-manned underwater vehicles for Ty-DRy-B*COS (8)*SIN{ ¢)=M*[ v+ r*u-p*w-
depths too deep for human divers, These Yg*(r*'2+P**2)+Zs*(q*r~p)+Xg*(p*q+r)]
vehicles have been used for the
inspection and repair of underwater . Tg-DRz-B*COS(8)*COS (¢ }=M*[w+p*v-u*q-
structures and the exploration of the ZS*(P**2+Q**2)+XS*(T*p-q)+Yg*(q*r+p)]
ocean environment.

This report emphasizes : SUSooroooosooosommoomomommmssmmmmmmmoonTon
1) ©Dynamic behavior of underwater ‘
vehicles. ] MX‘DRXX=IX*P+(IZ*Iy)*q*r+M*[Yg*(w+p*v-u*q)
2) Analysis and design of some basic *Zg*(u+u*r—W*p)
servo controllers for underwater
vehicles. MY"DR,Y}[:IJF*q-F( Ix-1z) *I'*pﬂ"l‘[Zg*(u-fq*w—r*v}
3) Use of servo controllers in some -xg*(W+p*V—u*q)]
complicated tasks like following the
cotour of the ocean bottom. : Mz-DRzz=Tz*r+(I 'IX}*P*q+M*[xg*(V+r'u—p*w)

—Yg*(u+q'w-r*v)§
MODELLING

our model uses two orthogonal wher% R . )
coordinate systems. One remaines fixed ul+vi+wk = velocity of the vehicle with
at the water surface while the other respect to the attached frame.
travels with the submarine to act as a pi+gj+rk = angular wvelocity of the
local reference system, vehicle with respect to the attached

frame.
Din+DRyj+DRzﬁ = drag force acting on
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A
0 I X

—_ A A A
Re=XcI+Ycd+ZcK
A A A
U=ui+vjewk

~ A A
w=pi+qj+rk

L) M )
F=Txi+Tyj+Tzk

L ) n
M=Mxi+My j+Mzk

Fig.l Coordinate systems

the bedy. A

DRxxi+DRyyj+DRzzk= drag moment acting
around the body.

M,Ix,1y,Iz = mass and principal moment

of inertia around C.

B= bguyagcy force.

Tx1+Ty3j+Tzk= thrust force acting on the
body of theg vehicle.

Mx i+Myj+Mzk= thrust moment produced by
the thrusters.

Xgi+Ygi+Zgk= vector distance of the
center of the gravity from c.

The state variables of the model
can be calculated with respect %o the
inertia frame by the matrix
transformations:

o| I1  sIN(e)*TAN{e) cOS(¢)*TAN(s)
el:]o cos{%) -SIN{¢)
ol |0 sin(e)*sec(e) cos(4)*sEc(e)

[ .

Xc u

\{c A lv

Zc W
where A s

coS(¢)*SIN{e)}*SIR(¢)
~SIK{e)*C03(s)

BIN{¢)}*SIN{e}*SIR(4)
+Cos( e ) =COS{ )

coa{e)=sIns}

cog{*}*sIR(e)ecos(e
+3IH{¥)*510(¢)

SIN{w)*3IN(08}*cO8{s)
-COS{#)*SIN{*)

cos(v)ecos(e)
| 3atn{e}=cosie)

-s1N{#)} cos{e)ecos{¢)

-~ ~ Fad .
XcI+¥YeJ+ZcK = velocity of the vehicle
with respect to the inertia frame.

L3
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SERVO CONTROLLERS

We wish to design three basic servo
controllers for the vehicle: 1) an
orientation 'controller, 2) a position
controller, and 3) a speed controller,
With‘the help of the above controllers
the operator can reposition the vehicle
to some arbitrary point in 3-dimensional
space with any orientation or follow a
trajectory.

The functions of the orilentation
cantroller are: ‘

1) To overcome the rotational
disturbances imposed on the body of the
vehicle, .

2} To bring the vehicle to the
orientation as fast as possible. (The
power of the thrusters and their time

constants pose some limitation on this).
Law"

desired

The “Estimator and Control
me thod was used to design the
orientation controller. The estimator
receives three different angles from
three different inclinometers and

produces all states of the model such as
angular velocities. The estimator is
corrected every sampling time by
comparing its output with the actual
measured angles.,

With the help of the “Control law"
method, which wuses the state variables
generated by the estimator, the
orientation controller loop can be
closed.

5,61

Sensor

!

Estimator

.,:‘:‘L. n Lt Vehicle Model

| Control Law

-K

Fig.2 Estimator mecharization
same idea is wused for the
velocity controller and the position
controller. The velocity estimator
receives three different translational
velocities, and produces all the
variables needed for the feedback locp.
The inputs to the position estimator are
collected ftTrom several sonar systems on

The

board and on the vehicle. The position
controller observer also produces all
state variables needed for the feedback
loop.
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BOTTOM FOLLOWING

Path following is an algorithm that
enables the vehicle to follow a path
under the water at small and constant
distance from the ocean bottom contour.
The operator takes the vehicle to a
certain depth, then turns the vehicle in
the horizontal surface to a desirad

orientation, (In other words, the
operator assigns some yaw angle to the
vehicle }. After the operator starts

the path following program, the wvehicle
is able to follow the contour of the
bottom at the assigned distance, at the
specified yaw angle.

This algorithm enables the wvehicle
to follow any path without colliding
with the ocean floor and maintain
constant orientation. The algorithm
uses the position contreller to keep the
distance Dbetween the vehicle and the
bottom in the assigned distance; it
also uses the velocity controller to
achieve the desired speed along the
path. .
The vehicle is equipped with Ffour
sonar sensors,A,B,C and D in figure 3.

e D Hhieii
D C

fore

5g-———

Fig. 3

A and B measure the forward and rearward
distances, while C and D measure the
distances between the vehicle and the
occean bottom.

The more knowl edge about the
environment is collected for the
algorithm, the better the wvehicle can
follow the path. Toe insure that the
vehicle recognizes the environment all
paths can be divided to three
categories: o o
1) Paths with slopes between 45 and 90
2) Paths with slopes between -45° and 4%

3) paths with slopes between ~90 and -45

Dividing the bottoem contour into
three categories is essential for the
vehicle to make automatic control
decisions, If the measured distance
from sonar A is smaller than the other
sOonars, then the vehicle is in an
environment of type 1 and the closest
part of the vehicle to its environment
is point A.

{47

%WW [217/7

ALY

Fig.4 Three categories environment
contours.,

5@/‘\/

]
s B

] ,
1

- Fig.% Vehicle moving in environment of

type 1 .

In any path of type 1 there |is
always some danger that the vehicle will
collide at its bow. If the measured
distance from sonar B is smaller than
that of the other sonar sensors, then
the vehicle is in an environment of type
3 and point B is the closest part of the
vehicle to its environment.

Fig.6 vehicle moving in environment of
type 3 .



The following shows the logic to
realize the environment.

AA' < BB'

1f {AA' < CC' ——=type 1
AA' <« DD'
CC' < AA'
cc!' BB'

1f {or ——type 2
cCc' < AA°
cc' < BB
BB' <« AA!

I {BB' <« CC' ——= type 3
BB' < DD'

If the vehicle is in an environment
of type 1, the algorithm realizes that
the measured distance from sonar A 1is
the smallest measurement. Then the
vehicle uses its horizontal thrusters to

keep AA' in the assigned distance. The
horizontal thrusters are run by the
position controller.

Fig., 7 In path of type 1, AA' is Xkept

in the assigned distance.

vehicle gets closer or
the bottom because of any
{(for example ocean

then the position controller
and will
desired

If the
farther from
disturbance

currents),
will overcome the disturbance
the

bring the vehicle to
distance.

One must use the vertical thrusts
to vary the speed along a type 1 path
such as that shown in figure 7 . The
control algorithm uses the speed
controller to run the vertical
thrusters. Yertical movement of the
vehicle by means of the vertical
thrusters and speed controller causes

the forward distance to change, which in
turn can act like a disturbance for the
position contreller. This disturbance
must be overcome by position controller.
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In other words, there can be some mutual
forcing or cross-coupling by the control
systems,

I1f the vehicle is in an environment
of type 2 , the vertical thrusters are
run by position controllers to Xeep cc!
desired The

or DD' in the range.
horizontal thrusters are run by speed
controller . ARny horizontal movement
causes some change in the vertical
distance ¢CC' or DD' , which can be

overcome by the position controller. 1In
an environment of type3l , the algorithm
works the same as it does in type 1.

The entire underwater vehicle
control system is being modelled in the
Man-Machine System laboratory at MIT on
an 11/34 computer. Figure B shows this
simulation configuration . An electric
wheeled vehicle eguipped with a camera
is able to simulate the motion of the
underwater vehicle in the laboratory.
Alternatively, a Megatek stroke writing
display can be used to show a
continuously moving three-dimensional
graphical simulation of the underwater
vehicle.

11/34

{7}

analog commands
(operator)

vactor display terminal

Megatek
Fig. 8 Underwater simulation in the
laboratory. ’
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Durham, New Hampshqu

7:30 a.m, = 8:30 a.m.

8:30 deMe. - 9:00 a.m,

e W R R G G SN D G W e A e s SN W S S SE Gy

Reglstration - Coffee & Danlsh

Introductlion:
Gene Allmendinger; Conference Chairman
Eveleyn Handler; Preslident,

University of New Hampshire

NEW PROGRAM DEVELOPMENTS
UPDATE ON CURRENT PROGRAMS

9:00 a.m. - 10:30 a.m.

EAYE-WEST

ROBOT
AUSS

10:30 a.m. - 11:00 a.m,

11:00 a.me = 11:45 p.m.
Remotely Controlled
Voehicles: What Are
Thelr Limits?

I1:45 p.m, = 1:30 p.m.

{:30 p.m, - 3:00 p.m.
NRL
ASCOP
EAYE EAST

3:00 pnmo - 3:30 p.ITI-

Paul Heckman
Naval Ocean Systems Center
San Diego, Callfornia
Tom Sherlden
Massachusetts Institute of Technology

Naval Ocean Systems Center
San Dlego, Callfornia

Coffee Break

Resource Speaker:

Drew Michel
Taylor Diving Inc.

Lunch: Mystlic¢c Room
New England Center

Earl Carey

Naval Research Laboratory

Naval Coastal Systems Center
Dick '

Marine Systems Engineering Lab

Unlversity of New Hampshlire

Break



3:30 p.m, = 5:00 p.m. Symposlum Speaker:
Microcomputer Devél- Jdaff Hawkins

opment Trends WIth Intel Corporation
a Look Towards the
Future

5:30 p.m. =~ 7:00 p.m.
Elllot Alumnt Center

Informal (refreshments courtesy of
Discusslions Datasonics, Inc.)
Dinner Personal arrangements

Cc-2



Juesday, September 22, 198| - Kearsarge Room and Narragansei Room

9:00 a.m. = 1§:00 a.m.
ARCS

EPAULARD

ROVER
SPURY

9:30 a.m.

11:00 a.m. = 12:00
Sonar Image
Processing for

Underwater Robots

Underwvater Cameras
Today

12:00 - 1:30 p.m.

Jdohn Brook ‘
Bedford Institute of Oceanography

Jean-louis Michel
Cnexo

Heriot-Watt (video tape)

Applled Physics Lab (unable to attend)
University of Washington

Coffee

Ra] Reddy, Chuck

Carnegle Mellon Unlversity

Steve
Hydro Products

Lunch - personal arrangements

TECHNOLOGY REVIEW SESSIONS

Vic Anderson
Marine Physics Lab

Bob Corell
Marline Systems Engineering Lab

Scripps Inst. of Oceanography University of New Hampshire

1:30 p.ﬂ'l. - 3:00 p.m‘

Artificlal

Intelligencea

Navigatlon

3:00 p.m. - 3:30 pcm-

TECHNOLOGY REVIEW #1 ~ Bob Corell
Kearsarge Room

Ra] Reddy

Carnegle Mellon Unliversity

TECHNOLOGY REVIEW #2 - Vic Anderson
Narraganset Room

Jdohn Loud,

Woods Hole Oceanographic Institute

Break



3:30 pem., = 5:00 p.m,

Man Machine Systems

Acoustic
Communication

Dinner

TECHNOLOGY REVIEW #3 - Bob Coreli
Kearsarge Room

Iom Sherlden,

Massachusetts Institute of Technology

TECHNOLOGY REVIEW #4 - Yic Anderson
Narraganset Room

Stan Watson

Naval Ocean Systems Center

Personal arrangements
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Wednesday, September 23, 1981 - Kearsarge Room and Narraganset Room

9:00 a.me = |1:00 a.m.

Mlcrocomputers

Control System

9:30 a.m.

11:00 aem. = [2:00
Desp Ocean Appli-
catlions: {Poly
metalllc sulfldes/
nuclear waste)

12:00 - |=30 p.ﬂ‘l.

1:30 pom. = 3:00 p.m.

image Processing

Yehicle Dynamics

3:00 pems = 3:30 p.m.
3:30 p.m., = 3:45 p.m.
3:45 p.m. - 5:00 pem,

Deep Ocean
Applicatlions

5:00 p.m. = 6:00 p.m.
Informal

Discusslons

Dinner

TECHNOLOGY REVIEW #5 - Bob Corell
Kearsarge Room

Dick Blidberg, DICKk Lord

Marine Systems Engineering Laboratory

TECHNOLOGY REVIEW #6 - Vic Anderson
Narraganset Room

Damon

Draper Laboratorles
Coffee

Resource Speaker:

David Duane
NOAA/Sea Grant

Lunch - personal arrangements

TECHNOLOGY REYIEW #7 - Bob Coreil
Kearsarge Room

TECHNOLOGY REVIEW #8 - Vic Anderson
Narraganset Room

Roug

Aeronautlcal Research Assoclates
of Princeton

REGISTRATION OF NEW ARRIVALS
Introduction = Robert W. Corell
Symposlium Speaker:

Yic Anderson

Marine Physics Laboratory
Scripps Inst. of Oceanography

Eillot Alumni Center
(refreshments courtesy of
Hydro Products, Inc.)}

Personal arrangements



Ihursday, September 24, 198) = Berkshire Room

SYMPOSIUM SUMMARY

8:30 2., = IO:OO .M,

IO:OO a.M. - 10=30 atmo

|0:30 a.m, = l|=30 .M.
Deep Water Search
for the Titanlc -
LimItations of
Tethered Vehicles,
Advantages of Auton-
omous Systems

||=30 a-mo - I:OO p.m-

1:00 pom, = 2:30 p.m.

Inspectlon Mission
Arctic Applications
Under Ice

Hydrography

Ocean Sclence

2:30 p.mo - 3:00 p.m.

Summary of Technology Review
Yic Anderson
Bob Corell

Coffee
Resource Speaker:
Milliam Byan, Dale Chaves

Lamont Doherty Geological Observatory
of Columbia

Lunch - personal arrangements
Jdohn

U.S. Geologlcal Survey
dohn Brook,

Bedford Instlitute of Oceanography

Cdr Yan Neild
Defense Mapping Agency

lan Morrls
Unlversity of Maryland

Summary - Robert W. Corell
Closing Remarks - Gens Allmendlinger
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